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I. Introduction

The work performed in this effort is directed towards the design,
analysis, and prediction of electromagnctic compatibility (EMC) in
command, control, and communications (C3) systems. This was accomplished
by closing some basic technological gaps in two important areas. The
first area dealt with electromagnetic (EM) effects on microelectronic circuits
while the second was concerned with EM coupling and testing.

To obtain insight into the response of microelectronic circuits
to electromagnetic interference (EMI), EMI effects were studied in
several-types of operational amplifiers and in a differential line receiver.
Laboratory measurements were performed on the operational amplifiers
whereas a computer simulation was made of the differential line receiver.

Attention was also devoted to the problem of analyzing and predic-
ting EMI in microelectronic circuits. It was shown that the task of
modeling complicated digital circuits for EMI effects can be greatly
simplified through the use of macromodels. In particular, macromodels
were developed for operational amplifiers, a NAND gate, and a four bit
comparator. In addition, the probabilistic approach to EMI was inves-
tigated. This included an experimental study of the statistical varia-

tions of EMI in operational amplifiers, a probabilistic analysis of EMI

induced propagation delays in combinational digital circuits, and the
analysis of EMI in an experimental system containing both a random
coupling mechanism and a random second-order rectification effect. <.

To eliminate gaps in the area of EM coupling and testing, studies -

were carried out in 1) coupling of EM fields into transmission lines, h
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2) crosstalk between shielded cables, 3) crosstalk in twisted wire
circuits, 4) crosstalk in balanced twisted pairs, and 5) modeling of
transmission lines. Finally, recommendations were made for revisions
to the wire-to-wire coupling subroutine in IEMCAP.

Results of these efforts are reported in six volumes whose con-

tents are briefly summarized below.

Volume IA: '"Nonlinear Macromodel of the Bipolar Integrated Circuit

Operational Amplifier for Electromagnetic Interference
Analysis" by Gordon Chen and Dr. James Whalen [1].

This report describes a small-signal nonlinear maciomodel for the
bipolar IC Op Amp which can be used successfully for RFI analysis. Two
BJT's are adequate to characterize the complete IC. The effectiveness
of the small-signal nonlinear macromodel is verified by the agreement
between the NCAP computer program predictions and experimental results
for the second order transfer function of the 741 Op Amp unity gain buffer
amplifier. Good agreement is also obtained between NCAP calculations
based on the macromodel and the full model. By using the Op Amp macro-
model, a saving of nearly an order of magnitude in computer costs is
achieved. Not only does the macromodel conserve computer resources, it
makes it possible for the EMC engineer to analyze electronic systems
involving many Op Amps.

Another important aspect of the small-signal nonlinear macromodel

is that it is a global model which can be used for all Op Amp types.
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The two macromodel transistors should be the same type as those at
the input of the IC Op Amp being modeled. The need for laboratory
characterization of the individual transistors in each new bipolar
Op Amp appear not to be required. A combination of manufacturer's
specifications and previous IC BJT results can be used. This was
demonstrated by the successful application of the nonlinear macromodel
to the new IMIO IC Op Amp for RFI analysis by NCAP, without resorting
to full model analysis, nor experimental device characterization.
However, the accuracy of the nonlinear macromodel relicss on the
inclusion of capacitors to represent the effects of substrate para-
sitic capacitances. The proper selection of substrate capacitors does
not necessarily follow the structural IC parasitic capacitances. The
effects caused by these capacitances are simulated by four capacitors
in the macromodel. The best values for these capacitors were found by
comparing NCAP predicted values with experimental values for a second
order transfer function of the Op Amp in an unity gain buffer amplifier.
Thus a parametric fitting is involved when a new Op Amp is modeled.
That the combined nonlinearities of tens of BJTs in a linear IC
Op Amp can be represented quite well by a pair of BJTs in a macromodel
is explained by the cascading theory of nonlinear transfer functions.

The essential point appears to be that the second stage (gain-stage)

.‘l;

contribution to the Op Amp second order transfer function is reduced

L)
s

A greatly by the internal feedback capacitor of the second stage. Also

it was argued that the input stage which consists of two cascode stages




in a differeatial pair arrangement can be represented by two common emitter
stages in a differential pair configuration used in the Op Amp macromodel.
The validity of the nonlinear macromodel is therefore supported both by
experimental verification and by network theory.
Volume IB: ‘“Radio Frequency Interference Demodulation Effects in
Operational Amplifier Circuits" by Yue-Hong Sutu and Dr.
James Whalen [2].
Since monolithic integrated operational amplifiers (op amps) are
important building blocks in today's control and communication systems,
a series of investigations are carried out to determine RFI effects in
analog circuits using op amps as active devices. The specific RFI effect

investigated is how amplitude~modulated (AM) RF signals are demodulated

AT
H}

in op amp circuits to produce undesired low frequency responses at the

)

‘2
fy-de by

55

AM-modulation frequency. Subsequently, the undesired demodulation re-

e
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sponses may be processed in a manner similar to a desired low frequency
signal by the low frequency components that follow the op amp. The un-
desired demodulation responses are shown to be characterized by second-
order nonlinear transfer functions.

Four representative op amp types investigated are the 741 bipolar
op amp with its conventional npn input transistors, the LMIO bipolar
op amp with its less conventional pnp input transistors, the LF355
JFET-Bipolar op amp with its JFET input transistors, and the CA081 MOS-

Bipolar op amp with its MOSFET input transistors.




Two op amp circuits are investigated. The first op amp circuit
configuration is the unity voltage gain buffer circuit known as a

voltage follower. The circuit configuration is also called noninverting

because both the intended signal and the RFI signal are injected into
the noninverting input. The second circuit is an inverting op amp con-
figuration. The intended signal voltage gain is determined by the ratio
of the feedback resistor R2 and the input resistor Rl. The investigation
includes several combinations of Rl and R2 and also the effects of an
RFI suppression capacitor in the feedback path.

Approximately 30 units of each op amp type are tested to determine
the statistical variations of RFI demodulation effects in the two op
amp circuits. Statistical parameters such as means and standard devia-
tions provide quantitative measures on variations in op amp RFI suscepti-
bility.

The Nonlinear Circuit Analysis Program NCAP is used to simulate
the demodulation RFI response. In the circuit simulation, the op amp

is replaced by its incremental macromodel. Values of macromodel para-

meters are obtained from previous investigations and from manufacturer's
data sheets. Sensitivity analysis of the effects of variations of
model parameters upon RFI susceptibility is performed for the unity

gain buffer circuit in which critical parameters were identified. The

T

5 effects of the RFI suppression capacitor in the inverting op amp circuit AT
~ O
Ko, .'_-( A
~ is also simulated. The simulated results are compared to measurements {nf}
s o
*ﬁ and satisfactory agreement is achieved. o Oy
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Volume IIA: '"Macromodels of Op Amps for CADA Applications' by
Dr. James Bowers [3].

Due to the large number of active elements in IC operational
amplfiers, a device-level computer simulation would be quite expensive
and time consuming. Simulation of circuits containing several op amps
would not be a reasonable endeavor using a model of this order of com-
plexity.

A macromodel is therefore desired which, while accurately predicting
the performance of the op amp under all circuit conditiomns, will have
a minimum level of complexity, so that larger circuits containing several
op amps may be efficiently simulated in reasonable amounts of computer
time.

This model should contain all of these common op amp characteristics:

1. Input impedance, bias current, offset current and voltage.

2. Output impedance (DC and AC), voltage and current limiting.

3. Differential and common mode gain and rolloff versus frequency.

g

4., Non-symmetrical slew rate and step response feedthrough.

%
'S

The model should be applicable to both standard bipolar input op

«
e Yty

K

amps as well as devices employing field effect transistors in their input

: stages, and should accept external compensation if required. .:‘
e o~
5o In this report, a model is developed by simplifying a previously N
I oy
‘B suggested slewing model to a two-diode equivalent circuit. This circuit !
-« -
o P
AN is then modified to include the desired input, output, and differential o
. “' -‘L
N 1.0
b Ny
f&- features. The device parameters (frequency response, etc.) is derived "?f
1% - "
i A {




for this general model, then the model parameters are solved for in
terms of the device parameters. Finally, models are developed for

four real op amps and extensively tested.

Volume II B: '"Macromodeling of Digital Circuits," by Ronald Vogelsong

and Dr. James Bowers [4].

A NAND gate macro-model is developed using SPICE which allows for
the complete simulation of the operation of the logic gate. The model
derivation requires only external DC voltage and current measurements
and logic delay times, but the model developed is shown to fully simulate
the high-frequency response of the device as well, including the response
of the device to interference in the 1-100MHz range.

In addition to the fully-qualified model developed for SPICE, a
simpler model is constructed for use in the SUPER*SCEPTRE simulation pro-
gram which effectively models the device from DC up to normal switching
speed limits.

Finally, a look is taken at developing a SPICE model of a device
constructed from a large number of logic elements fabricated on a
single chip;. a TTL 5485 four bit comparator. In this case, the overall
complexity is such that a modeling procedure is developed based on mini-
mizing the complexity and hence computer (CFU) time of the circuit
while still maintaining the logical, input, output, and propagation

delay characteristics.
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o Volume III A: "Probabilistic Analysis of Combinational Circuits g:-
‘». .". (
o . L\
:.¢ with Random Delays® by Abner Ephrath and Dr. Donald Weiner ([5]. ;J%
A'_"':. :: !':
.-if Random propagation delays are encountered in digital integrated cir- .
o Fr
e cuits due to fluctuations in the fabrication process. These delays can bﬁ’
P s
E{{ be further increased due to the presence of electromagnetic interference, ﬁf'f
S '“.';\ :
- System performance can be evaluated from the expected values of the output V.
-
vl signals. Analytical methods for determining the output expected values ‘ﬁﬁﬁ
SR o
'O of combinational circuits with random delays are developed in this report. b
A Given the input expectations, the network logic functions, and p.d.f.'s 9?F
NS of the delays associated with the gates in the network, it is shown how to $:}§
o Ky
- )
Ot e
o : obtain the output expected values. Two types of delay elements are con- r:%’
) sidered: 1) the pure delay element, whose output is a delayed, but un- t:
-y distorted, replica of the input and 2) the discriminating delay element, ::‘
4 o
N T
o where input rise and fall transitions experience different delays. Two Ny
" §
1_‘:-; LN
> - degrees of network complexity are dealt with: 1) tree-like networks, Vo
) .
d n in which there is only one path from every network input to any network
3%
LS
:}‘ output and 2) networks with reconvergent fanouts, where more than one
e

path exists from some inputs to some outputs.
To simplify analysis of very large circuits, an approximate model

is proposed where the circuits are subdivided into large logic blocks.

The analytical techniques previously derived for individual gates are

then applicable. Various strategies for characterizing the delays of

SRR

the large logic blocks are considered and examined by means of computer AR
.'.-\-.

LSO

simulations. Bt
et

8 KRS
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Volume IIT B: '"Computer Simulation of EMI Effects in a Differential

Line Receiver" by Zino Chair, Tushar Dave, Hamza Ouibrahim,
and Dr. Donald D. Weiner [6].

It is frequently necessary to transmit baseband digital data over
long transmission lines such as system interconnect cables. When the
cables are located in a high EMI enviromment, ordinary integrated logic
circuits cannot be used to synthesize the line driver and receiver because
such circuits are unable to discriminate between a valid signal and the
externally induced interference. One solution for combating the inter-
ference is to convert the ground referenced digital data at the driver
into a differential signal which is transmitted over a pair of wires
such as a twisted-pair line. A differential line receiver is used at
the other end. Interference which appears equally on each wire is
referred to as common-mode interference. Ideally, the line receiver
responds only to the differential signal transmitted over the line and
rejects the common-mode interference.

This report describes some preliminary results dealing with the
computer simulation of EMI effects due to sinusoidal interference in a
DS 55115 differential line receiver. Attention is focused on the receiver,
as opposed to the line driver, because the receiver is significantly
more susceptible. Consequently, the susceptibility of the driver-receiver
pair, in most cases, is determined by that of the receiver.

The computer program selected for the investigation was SPICE
(Simulation Program with Integrated Circuit Emphasis) which was exercised

in its transient mode. Thus, a time-domain analysis was performed and
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time waveforms were generated at all nodes of interest. Parameter

values of the semiconductor devices embedded in the integrated circuit

for the receiver are not published in the interface handbooks. Reason-
able values were determined by adjusting nominal values until the computer
simulated characteristics closely agreed with typical performance charac-

teristics supplied by the manufacturer. These included curves of 1) input

current vs. input voltage, 2) output voltage vs. common-mode input voltage,

3) high level output voltage vs. high level output current, 4) low level
output voltage vs. low level output current, 5) output voltage vs. dif-
ferential input voltage, 6) output voltage vs. strobe input voltage,

and 7) power supply current vs. power supply voltage.

The sinusoidal interference was impressed at the two data inputs,
the strobe terminal, and the response-time control input. Waveform dis-
tortion in the output signal was noted for suitably strong interferers.
Waveform parameters for describing the distortion are defined and plotted
as a function of the frequency and/or amplitude of the sinusoidal inter-
ferer.

Particular attention is devoted to dc offsets caused by rectifica-
tion in the base-to-emitter and base-to-collector transistor junctions.
The input voltage at which the output changes state is defined as the
input threshold voltage. The rectification of RF energy causes the input
threshold voltage to change. The concept of using this change to define

receiver susceptibility is examined.
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o In addition to decreasing the noise margin, a change in the
- input threshold voltage can cause time variations in the receiver
output (i.e., pulses may appear shifted in time and some pulses may
a9 -
9 appear longer or shorter), The resulting jitter constrains the minimum
v LN
.l
i\ pulse width and, therefore, the maximum data rate which can be used.
N
b This effect is examined as a function of the amplitude and/or frequency
7?{ of the sinusoidal interference.
.;,:_
- Volume IV A: '"Coupling of Electromagnetic Fields into Transmission
0 yolume v A4
{; Lines: A comparison of the Transmission Line Model
h{f and the Method of Moments" by Robert Abraham and Dr. Clayton
b Paul [7].
The coupling of electromagnetic fields onto transmission lines is
Ey
; investigated. The transmission line model with distributed sources
DS
' is employed as a computationally efficient method of predicting currents
.) induced on transmission wires by an incident field. Results obtained
-0 from the transmission line model solution are compared with predictions
,;Q made by the more rigorous, but much less efficient, method of moments
-
Y technique. Two user-oriented computer codes, using different expansion
?i 3 and testing functions, were selected to provide the method of moments
Lo
itj solution. Both the prediction accuracy and limitations of the trans-
S0
mission line model are explored in depth using a carefully selected
o transmission line structure. The structure is modified slightly to
e
:}i illustrate several important characteristics of the transmission line
“ -
. .;-: . .‘_': >
W B e
. % - o )
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i model solution. Low frequency limitations of the method of moments =
-~ W
.'..' -: v
::Q solution are investigated. In addition, the differences between the o
S e
AN two method of moments formulations are found to have a significant A
. ? effect on the integrity of their individual solutions. These differences o
o ¥
- are illustrated. Finally, the practical use of the transmission line -3
b Y
ﬂﬂﬁ- model as an effective method for predicting the coupling of an elec- o
\ . ‘
tromagnetic field into terminal devices is discussed. -
Volume IV B: '"Shield, A Digital Computer Program for Computing Cross- i}t;
talk Between Shielded Cables" by Dr. Clayton Paul [8]. o
o [
This report contains the description and verification of a digital N
o computer program, SHIELD, to be used in the prediction of crosstalk ;{jf
.‘-: -
S in transmission lines consisting of unshielded wires and/or shielded £
cables. The line may be above a ground plane (Type l) or within an ”i*
overall, circular, cylindrical shield which mav be solid or braided and x;‘.
a wire (the shielded wire) located concentrically on the axis of the ,Cf{
shield. All wires may be stranded and all conductors are treated as G
o )
o imperfect conductors; that is, their per-unit-length impedances are non- ?ui{
._::._ P
AN zero. Through-braid coupling for braided shields as well as diffusion Mo
2y &
ig. for both types are included in the model. The shielded cables may have iéﬁ
R
{{f: exposed sections at either end (pigtail sections) in which the shielded e
oo wire is not covered by the shield. Over these pigtail sections, a pig- PaOh
b~ tail wire, parallel to the shielded wire, connects the shield to the L
RS LNy
S5 A
ﬁtj reference conductor at that end via either a short circuit or an open ::fgv
‘-' - -.“b"“;
SRS e
A circuit. These pigtail sections are included in the representation to ey
o RN
-, e -.L'.“
i.\ 1 2 ~..'.._
-..ﬂ.' “-‘P " .~.
b e SN
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simulate the common practice of terminating a shielded cable in a
connector via these pigtail wires. The pigtail sections may be of
different lengths. The program is written in FORTRAN IV and should

be implementable on a wide range of digital computers.

Volume IV C: '"Crosstalk in Twisted Wire Circuits" by

Marty Jolly and Dr. Clayton Paul [9].

An investigation of wire-to-wire crosstalk is presented in an attempt
to accurately predict the magnitude of the voltage coupled to a twisted
wire pair. A sensitivity analysis of the twisted wire pair is conducted
to determine the effect that line twist has on the coupled differential
mode voltage when the twisted pair is connected in an unbalanced configur-
ation. An improved computer model is developed to aid in the prediction
of the voltage coupled to the twisted wire pair when it is terminated
in low impedance loads. Another circuit configuration which is investig-
ated consists of a differential line driver connected to a differential
line receiver by a twisted wire pair. Predictions of the common mode
voltage coupled to the twisted pair are computed with a single wire model

and a comparison is made with experimental results.

Volume IV D: "Modeling Crosstalk in Balanced Twisted Pairs" by
Dawn Koopman and Dr. Clayton Paul [10]
The coupling of electromagnetic fields to twisted wire pair trans-

mission lines is investigated. A simple low-frequency model to predict

the crosstalk of a three-conductor line is described. This low-frequency
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~ model is used to demonstrate how the twisted pair reduces crosstalk.
®
ff? The sensitivity of the crosstalk from the single wire to unbalanced twisted
:}:: pair is examined. The crosstalk from the unbalanced twisted pair to
2
f\ unbalanced twisted pair is measured and explained. Finally, the cross-
:f{f talk in the single wire to balanced twisted pair is measured to illustrate

that balancing the terminal configurations of the twisted pair can further

LR

reduce crosstalk.

Volume IV E: '"Modeling of Transmission Lines: A Comparison of Lumped-

Ny Circuit Iterative Models and the Transmission Line Model"
i.f by Woodrow Everett III and Dr. Clayton Paul [11].
l{— A comparison between the predictions of various lumped-circuit iter-

e ative models of transmission lines and that of the transmission line model

is given for both the two and three-conductor cases. For frequencies such

cal length) may be increased by adding more sections of a lumped-circuit

‘ffl that the line length is approximately 1/10 of a wavelength, or less in

gzé one section, the lumped-circuit models yield predictions which are within
- +3dB of the transmission line model predicticus, and which are essentially
izj independent of the value of load impedance. For frequencies where the line
~;i: length is greater than approximately 1/10 of a wavelength, more than one
‘o section of the lumped models must be used to yield accurate predictions,
%5; but the prediction accuracy may be significantly affected by the load

?Ei impedance value. The range of accurate predictions (in terms of electri-

v

model, but this range increases in a nonlinear fashion. Because of this

nonlinear relationship, it is difficult to find a satisfactory method for
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estimating the nuuber of sections of a particular lumped-circuit model
that must be used in order to obtain a desired range of accurate pre-

dictions.

Volume IVF: 'Prediction of Crosstalk in Flatpack Coaxial Cables" by

Wayne Beech and Dr. Clayton Paul [11A].

The electromagnetic crosstalk present in a class of cables known as
flatpack, coaxial cables is investigated. The multiconductor trans-
mission line equations are used to derive a model of a general flatpack,
coaxial cable consisting of n cables. This model is then implemented as a
digital computer program to allow simulation of the crosstalk levels present
in the cable. This simulation is compared to experimental results to prove
that the model is valid and can accurately predict the crosstalk levels.
Also the effect of common impedance coupling, the presence of drain wires
to allow for connection to the shields of the cable, and the presence of
pigtail sections (exposed sections of wire) is examined to determine their

effect on the overall electromagnetic crosstalk present in the cable.

Volume V: '"Model Revision for the IEMCAP" by Dr. Clayton Paul [12].

This report contains recommendations for changes in the wire-to-wire
coupling subroutine (WIWTFR) in the Intrasystem Electromagnetic Compati-
bility Analysis Program (IEMCAP). The changes are intended to accomplish
four objectives: (1) to modularize that subroutine, (2) to speed up com-
putation, (3) to provide models which have more sound theoretical basis

than those presently included in IEMCAP, and (4) to correct certain errors




presently in the current models in IEMCAP. The first objective - to modular-
ize the subroutine - is important from the standpoint of future maintenance
of the code. The other three objectives concern relatively accurate and
speedy predictions. It is important that the models have a sound theoretical
basis rather than have the ability to predict only certain limited, empiri-
cal data. One then has some confidence that the models will predict some,

as yet, uninvestigated situation.

The subroutine which was initially delivered by the contractor con-
tained numerous theoretical inconsistencies and model prediction errors.
These were thought to have been corrected via a completely rewritten sub-
routine. The models in that revised subroutine were based on the modeling Q'Ci;

efforts to that date. Shielded wires and twisted pairs had not been

extensively investigated from the standpoint of models for predicting

crosstalk. Thus models for those portions of the subroutine were based on

limited modeling data which existed at the time.

Since that initial revision, several modifications were made to

correct coding errors and to add features. The original

revision was designed to handle pigtails on shielded wires which were

three inches (3") in length. ©No provision was made for peripherally

bonded shields (zero-length pigtails) or variable lengths of pigtails

from shield to shield. Recently a revision was made to WIWTFR to allow

for variable length pigtails. It has been determined that this revision

did not correctly handle pigtails for inductive coupling. In the original

revision, the restriction of 3" pigtails on all shield terminations

allowed an optimization of the code which would not have been possible

with variable length pigtails. Since that code structure and the models

relied heavily on the restriction that all shield pigtail terminations

be the same, it is not a simple matter to change that code to now handle




T yT e T . . v ~ .~ LA R A LY A Vot i s e s i i S AT AT il el at o i pAgl il il Rl Al B AR B Sadcia i ekl e

variable length pigtails. Moreover, adding the capability of variable

length pigtails by modifying the original code would not take advantage
of the optimization which the assumption of 3" pigtails allowed. It

would seem, therefore, that one should rewrite and optimize the structure

of the code for the variable length pigtail case rather than patching

up the original revision.

Much additional work has been done on the modeling of crosstalk

involving shielded wires and twisted pairs since that original code re-
vision. This additional work has shown that some of the models for these

cases contained in the original revision are not correct and some models

were unnecessarily complicated for the prediction accuracies which one
would reasonably expect on practical systems. In addition, some

long-held, fundamental notions concerning the superposition of induc-

tive and capacitive coupling (which were fundamental to the original

."_'\

revision) were shown to be incorrect. RN
.::{
Thus because of the additional modeling experience and the discovery ¢u¥‘

of the error of certain fundamental model premises, the WIWTFR models
need modification. Because of the extensiveness of these modifications DI

as well as the other reasons alluded to above, it seems advisable to

completely rewrite the WIWTFR subroutine. In doing so it is also advis-

able that it be modularized and optimized. Modularization is critically

important from the standpoint of future maintenance. It is possible,

E!L_ but very difficult, for anyone who is not intimately (and currently)
&iéf familiar with the present code to make changes to it much less track
EE;: the effects of those changes through the code. Modularization would
bii‘ remedy this problem to a large degree.

17
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o Volume VI: '"Basic EMC Technology Advancements for C3 Systems" by

i Drs. Clayton Paul, Donald Weiner, and James Whalen. ':*r$)
- oo
N e
LN '-'-‘; -
s This research effort was devoted to eliminating some of the basic rﬂ*i’
a8 N

. technological gaps in the two important areas of 1) electromagentic
effects (EM) on microelectronic circuits and 2) EM coupling and testing.
The results are presented in fourteen reports which have been organized

into six volumes. The reports are briefly summarized in this volume.

In addition, an experiment 1is described which was performed
to demonstrate the feasibility of applying several of the results
to a problem involving electromagnetic interference. Specifically,
experimental results are provided for the randomness associated with
1) crosstalk in cable harnesses and 2) demodulation of amplitude
modulated (AM)signals in operational amplifiers. These results are
combined to predict candidate probability density functions (pdf's)
for the amplitude of an AM interfering signal required to turn on a
light emitting diode. The candidate pdf's are shown to be statisti-

cally consistent with measured data.
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II. Theoretical Discussion of Feasibility Experiment

Since research was conducted on a number of different topics, it was
decided to perform an experiment that demonstrated the feasibility of applying
several of the results to a problem involving electromagnetic interference
(EMI). The research areas encompassed by the experiment were:

1) EMC modeling and analysis using a probabilistic approach,

2) crosstalk in cable harnesses,

3) weakly nonlinear behavior of operational amplifiers.
This chapter discusses theoretical considerations associated with the experi-

ment.

2.1 Probabilistic Model for a Typical EMI Problem

A typical EMI problem is illustrated in Fig. 2.1-1.

. si
Desired Signal Coupling Path, P1

s(t)

Source

Equipment

Interfering Signal Coupling Path, P2

Source

Fig. 2.1-1. A typical EMI problem

The desired signal for the equipment is denoted by d(t). It is transmitted to
the equipment via coupling path, Pl’ and is received as the signal, s(t). On

the other hand, the interfering signal, j(t), is coupled to the equipment via

path, P2 and arrives as the signal, i(t). Uncertainties and/or randomness in

19
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d(t), j(t), P1 and P2 result in a random behavior for both s(t) and i(t).
Also, variability in such things as electrical components and the positioning
of wires and cables result in a variation of performance from one piece of
"identical" equipment to the next.

In the probabilistic approach [14,15,16], s(t) and i(t) are both treated
as sample functions from random processes. In addition, the equipment is
viewed as a sample from an ensemble of randomly distributed "identical" equip-
ments whose EMI performance is characterized in terms of a random susceptibil-
ity level.

The problem is then analyzed by determining the probability of

EMI [16].

2.2 Description of the Experiment

A block diagram of the experiment is shown in Fig. 2.2-1. With respect

to the discussion of section 2.1, the equipment interfered with is the printed

circuit board (PCB). The network in the PCB was designed such that the light

emitting diode (LED) turned on when the input voltage, Vz, exceeded the speci-

fied threshold, V The three stages of amplification served to amplify the

2T

input signal so that the output voltage, V,, was just large enough to light

3

the LED when V2 = VZT'

Normally, the LED was intended to be off. During the experiment an inter-
fering signal was coupled to the PCB through a 25-wire random cable bundle.

EMI occurred when, for large enough amplitudes of the interfering signal, the
LED was turned on. Since the LED was normally off during the experiment, the

desired signal in Fig. 2.1-1 was identically zero. Specifically,

d(t) = s(t) = 0. (2.2-1)

The interfering signal was selected to be the amplitude modulated (AM) signal
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with sinusoidal modulation given by

j(t) = Al[l + m cos (2ﬂfmt)] cos 2ﬂfct. (2.2-2)

The numerical values of the parameters in Eq. (2.2-2) used in the experiment
were m = 0.5, fm = 1lkHz, and fc = 4MHz and 15 MHz.

The circuit schematic of the PCB is shown in Fig. 2.2-2. All three
stages employ operational amplifiers. The first two stages are inverting
amplifiers with DC gains of approximately 10 and 100, respectively. The third
stage is a noninverting buffer with a DC gain of approximately 10. As a

result, the overall DC voltage gain from the input voltage V., to the output

2
voltage V3 is approximately 10,000.

The AM interfering signal contains frequency components at fc - fm’
fc, and fc + fm. Since fm << fc, all of these frequencies are either at or
very close to the carrier frequency. The low pass filter following the first
stage, which consists of R3 and C2’ has a 3-dB cut-off frequency of approxi-
mately 1700 Hz. Therefore, if the circuit behaved in a linear fashion, the
interfering signal would be severely attenuated at the output of the PCB. As
a result, the interference would not light the LED.

However, operational amplifiers are weakly nonlinear in the amplification

region. Therefore, during the experiment, the first stage served to demodu-

late the interfering AM signal. The DC component of the modulation was pre-

_#} vented from appearing at the output by the blocking capacitor, C3. On the
ki;ﬁ other hand, the circuit amplified the lkHz sinusoidal component of the modu-
E;% lation which fell well within the passband of the three stages. The LED was
Eﬁi observed to light for large enough amplitudes of the interfering signal.

gé& Lighting of the LED depended on two distinct phenomena:

St 1) the interfering signal was coupled to the PCB by means of crosstalk which
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occurred within the cable bundle and 2) a 1 kHz sinusoidal component was gen-

erated due to the weakly nonlinear behavior of the operational amplifier in

the first stage. In chapter III it is shown that changing the wrapping of

.'
(RENRyaS

e ry
.

the cable bundle changes the strength of the interfering signal coupled to

L)

the PCB. In Chapter IV it is shown that changing the operational amplifier
changes the amplitude of the generated sinusoidal component at 1 kHz. The
two changes together result in various fluctuations in the amplitude of the
interfering signal at V1 needed to light the LED.

Separate experiments were carried out to determine the probability den-
sity functions of the quantities that characterize 1) crosstalk within the
cable bundle and 2) demodulation of the interfering signal. These density
functions were then combined analytically to determine the probability den-

sity function of the voltage at V. which results in a specified threshold vol-

1

tage at V,.
B 3

Another separate experiment was conducted in which the cable wrappings

and operational amplifier in the first stage were changed many times. Cable

wrappings and operational amplifiers from the previous experiments were not

‘,,
l, 4
3

~ v,

v‘ "

used. Thevoltages at V, required to produce a specified threshold voltage at

1

o

e

V3 were recorded. Finally, a statistical test was employed to determine

whether the data for V

1

| vere statistically consistent with the analytically

obtained probability density function for Vl'

2.3 Analysis of Weakly Nonlinear Effects in the Operational Amplifier

The interfering signal at the input to the cable bundle is an AM waveform

of the form

j(t)y = A1[1+m cos (Zﬂfmt)] cos 2nfct (2.3-1)
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Expansion of Eq.(2.3-1) and application of a well-known trigonometric
-j:.j:: identity results in
o)
0 mA,
:__::: j) = A1 cos (2ﬂfct) +T cos [Zﬂ(fc-fm)t] (2.3-2)
\ A
._.‘_:. + —5— cos [2ﬂ(fc+fm)t] .
_'ji;f
e Let the cross talk within the cable bundle, from V1 to VZ’ be characterized
'-::s: by the linear voltage transfer function, G(f). Since fm = lkHz while ;‘-'
b, ‘.- .\ -
? _"-_' .\'-:-~
B f = 4mHz or 15 mHz, ARV
WY C R
N g
‘Wi o'
I 4 ..
) - ¥ = . W3~ 4
:; fc fm fc + fm fc (2.3-3) ]
~\_4‘:' .‘)-:L‘_
SO Therefore, it is reasonable to assume :?-f:':
J."u _'~~"‘-‘
Y .
JOC -~
o G(Ef -f) = G(f_ + £) = G(f) = [G(f)]e . (2.3-4) T
..:.-_ ::':..
S
'.“.' "-: "
h‘ Let the amplitude of the sinusoidal carrier at the output of the cable bundle *
) be denoted by A2. It follows that s
‘.::-u ::.‘:h
\__:.‘v - _ ‘.'::\‘
N A, Ic(fc)l A (2.3-5) Y
-. _j.:._.
"' Because the three components of Eq.(2.3-2) experience approximately the —a
::::{ same gain and phase shift, it follows that the output of the cable bundle is ::::::
:\:_;: a sinusoidally modulated AM signal given by :\'{
N -
’v i(e) = A2[l +m cos(Zﬂfmt)] cos(ZTrfCt + OC) .
i ma, T
.::;:: = A2 cos(27rfct + OC) + 5 cos[Zﬂ(fc—fm)t +oc] (2.3-6) '::.:
T AON mAz :::\-
+ - cos[2n(fc+fm)t +0C] . e
- e
AR
_\:,-.
- -~
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To simplify Eq.(2.3-6), it is convenient to define

jo mA, jo

=f - = c. 2. ¢
£ =f.-f . E = [E]e 5~ e
jo jo
- - c _ c (2.3-7)
£, = f, » E, IEzle =4, e
jio mA jo
_ - c _ 2 c
fa=f +f » E, |E3|e =—-e .
Eq. (2.3-6) may then be expressed as
3
i(t) = E 2m £ t +
(t) Zl | qICOS( RN
q_
3 j2nfqt
Ly o ST (2.3-8)
2 " q
=-3
q#0
where
e (2.3-9
E = |E |e and f = -f , -3-9)
-q q -q q

The operational amplifiers in the second and third stages of the PCB

*y

are assumed to behave linearly. However, the weakly nonlinear operational

N8N

amplifier in the first stage is assumed to possess a second-order nonlinear-

N

ity (i.e., the input signal driving the first stage is assumed to be small
enough such that higher-order nonlinearities may be considered to be
negligible.) 1In the experiment it is the second-order component at fre-
quency, fm. which is of interest.

From Eq.(2.3-8) it is obvious that i(t) contains the six input frequen-

cies f_ = —f3, f = ~f f = -f

-2 2 Iy 1 fl’ fz, f Let m, denote the number

3
of times the frequency f

3°

K appears in a particular nth -order frequency mix.
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3.
o th
" All possible n~ -order frequency mixes are then represented by the frequency
P mix vector
o -
2 m=(m_ys m g mps Wy Wy, my) (2.3-10)
o where
A 3
3 ) m = n. (2.3-11)
~ k=-3
::: The intermodulation frequency corresponding to m is
‘ )
Y f =
m C, mkfk— (m1 -m_ )f + (m 2)f + (m -m_ )f (2.3-12)
‘(: k#O
o
"'_-‘_ In terms of the nonlinear transfer function approach [17], the nth - order
_-:'f response associated with m to the input given by Eq. (2.3-8) is
N o
N
s (esm =(n,m) e l(mlm'l)lE *(m2+m~2)$E ‘(m3+m_3)
At n >— 2n—1 1 2 3
e (2.3-13)
=
= [Hn (m) [cos[Zﬂfmt + OE + UJE(E)]
)
- where (n;m) is the multinomial coefficient defined by
- 1
e (n3m) = (n!) (2.3-14)
) - ! 1 1 ! 1
o (m_y!) (m_p 1) (m_; 1) (my 1) (my!) (my1)
2
»-:.::‘ Hn(g) is the nth -order nonlinear transfer function given by
u":;‘ .
- v, (m)
Hn(m)= [Hn(g_)l (2.3-15)
:'_ = Hn(f-3"'"f—3"'"f—l""f—l""’fl""’il’“'_f3J‘
» — — —
.
m_, m_, m, m,
L,
a
Ly 27
b "‘l'
i

2; q&‘n"ﬂ-"“i" - '{P«"‘.’ v :'r ::_)-' -

r,"r'

'mrf ‘ 5’%‘ "“‘;‘ -f
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and

3
o= kz_3 mO. = [(“'1'“'-1)+ (mz—m_2)+ (m3-m_3)]0c. (2.3-16)
£qs. (2.3-13) through (2.3-16) are now specialized to the second-order
response at frequency, fm.
With respect to the frequencies defined in Eq. (2.3-7), the frequency

mixes which result in a second-order reponse at fm are:

a)(fz-fl)

b)(f3—f ).
The frequency mix vector corresponding to the mix (fz—fl) is

_nll = (0,0,1,0,1,0) (2.3-17)
while that corresponding to the mix (f3 - f2) is

m, = (0,1,0,0,0,1). (2.3-18)
The associated multinomial coefficients are

(2;21) = (25m,) = 2. (2.3-19)

In addition,

o, =m-m,)o =0

-1 (2.3-20)

Q
|

= (m3 - m_2)0c =0,
It follows that the total second-order response at fm is

yo(t3f ) =y, (tsm) + y, (t5m,))
2 2 1 2 2 (2.3-21)

IE1||32||H2(-f1,f2)| cos [2m(f,~f )t + ¥, (m )]

+

IE2[[E3[|H2(—f2,f3)| cos(2m(f,=f,)t + ¥, (m))]
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Finally, use of Eqs. (2.3-7) in Eq.(2.3-21) yields
2

g, (656 ) = —5— [H,(~£,£ )] cos (2T€ ¢t +¥,(@))
s, 2 (2.3-22)

+— [Hz(-fz,f3)[ cos (2mf t + y,(m,)).

The above result can be simplified even further.

Because of Eq. (2.3-3),

£, =f,=£,=1¢f . (2.3-23)

Consequently,

HZ(—fl,fz) = HZ(-fZ’fB) B HZ(—fc,fc). (2.3-24)

Hz(—fc,fc) is associated with the frequency mix, (fc-fc), which yields

a DC component. Therefore, Hz(—fc,fc) is a purely real quantity. Since

HZ(-fl’fz) and Hz(—fz,f3) are both approximately real,

v r QYT
L A
'4“"‘

o

Yo
. Y e

Therefore, Eq.(2.3-22) simplifies to
2 |

~ 2 |
y2(t,fm) = mA HZ(—fC,fC)[ cos 27f t. (2.3-26)

Utilizing Eq.(2.3-5), the amplitude of the sinusoidal component at fm is
given by

ma2 [, (=€ £ )| = mlc(r ) [% a2, (£ £ ). (2.3-27)

2.4 Probabilistic Analysis of Experiment

Instead of analyzing the circuit in Fig. 2.2-2 stage by stage, it is

convenient to treat the entire PCB as a single system having input V, and el




output V This is readily accomplished by defining the second-order nonlinear

3
transfer function of the previous section such that it relates the AM inter-

ference at V2 to the lkHz tone at V3. In this way, Hz(—fc,fc) accounts for

the linear amplification provided by the second and third stages in addition
to the weakly nonlinear behavior of the first stage. With this definition,
yz(t;fm) of the previous section corresponds to V3(t). 1.t A3 denote the

amplitude of the 1kHz tone at V Then Eq. (2.3-26) can be written as

3°

V3(t) = A, cos ZWrmt (2.4-1)

3

where

o
i

2
= ma, " [H, (£ ,f )|

(2.4-2)

2 2
m|c(fc)i A |H2(—fc,fc)|.

During the experiment V., was increased until the LED was lit. Denote the

1
values of A1 and A3 at which the LED switched on by A1T and ABT’ respectively.
From Eq. (2.4-2), A3T and AlT are related by
A, =m|G(f )|2 A 2|H (-f ,£)]. (2.4-3)
3T c 1T '72° "e¢’c

The experiment was repeated many times. For each run, the cable was

rewrapped and a different operational amplifier was placed in the first stage.

The rewrappings resulted in random values for |G(fc) . Similarly, changing
the operational amplifier yielded random values for [HZ(—fC,fC)|. In this

section the probability density function for A1T is derived given a specified

value for A3T and the probability density functions for IG(fC)|and

|H2(—fc,fc)[.
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From Eq. (2.4-3), Al is given by

T

L
A = |3T 1 . (2.4-4)

1T m ”
[GCE) [[1H, (£ Wf D[]

For ease of analysis, let the random variables associated with ]G(fc)] and

[Hz(—fc,fc){ be denoted by G and H, respectively. Also, let values assumed

by the random variables A G, and H be denoted by a and h , respective-

1T’ 1T* &

ly. The probability density function of A1T is obtained by considering the

following two functions of two variables

1

A 2
’ L Bk

Alr

(2.4.5)

W = 2(G,H) = H.

In terms of the values assumed by the random variables,

Agpl 2 4
3p ~ kleh) = %
glnl

Q}: The Jacobian of the transformation in Eq. (2.4-6) is
p -
&“ 3k(&»h) ak(g’h)

A R ok

- J(g,h) =| B

r-:-:-: v~'2(i5_:h) g (g:h)

::9 hg ah

_.'ﬂ:. 1/2 [ Li

; _ |2 _Lﬂ_:_lFH] 1

F, . 2 >3 2 3/2

= "l gyt nl o gm?

b~ - =} - -=-=-=--=- b T TT T s 700

::‘.:‘ 0 ! 1

r - .

e [AB'I]% 1

i = y -
3 ™ Zin) (2.4-7)
b -~

o
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Let the probability density functions for G and H be denoted by fG(g)
and fH(h), respectively. Also, let the joint probability density function
for the random variables AlT and W be denoted by fA w(alT’w)' Solution of

1T
Eqs. (2.4-6) for g and h in terms of alT and W yields

Al
g = |—= ol ho=w. (2.4-8)
a [w]z

- 1T

Assuming G and H to be statistically independent, it can be shown that [18]

1 L
faw @rpw) = 3wy @ _ A3T‘| 1 (2.4-9)
g = mJ - 1

[w]?

h=w 1T
1

1
A 2
L ¢ [—3# S S
Z[W]ﬁ G m a [w]f H
1T

a4

Finally, f (alT) is obtained by integrating fA W (alT’w) over all possible

Alp 1T
values of w. This results in

) [ A3TJ : 1 J T l-‘°*3"r]ln2 i
( = =2 = £ £ o(w)dw.  (2.4-10
AlT alT T - > - rw]l/Z G Lm_] H(W) \ ( )

h

a1

Because w = h, a more convenient form of Eq.(2.4-10) is

£ ¢ [A3'I..‘J 2 1 fa' 1. [ABTJ % 1 \f (h)dh (2.4-11)
; a .y = = — —_ . Jb-
1T 1T m_ asz ,}_.u; [h]12 G m alT[h]y H

It is seen that knowledge of A3T and the probability density functions

for G and H is sufficient to determine the probability density function for

A

IT"
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ITI. Crosstalk Variations in Cable Harnesses

Inadvertent electromagnetic coupling between wires in cable bundles

(crosstalk) is recognized as a potentially serious cause of degradation in the

performance of an electronic system., Numerous methods of combatting cross-

talk have been utilized in the past [19]. Those methods involve the use of }{:
shielded and/or twisted wires as well as filters. In many cases a simple E;E-
rerouting of the wires into other cable harnesses can bring about crosstalk ?:;°
reduction, Of course, the degree to which rerouting wires reduces the cross- &:i
talk depends on the spectral content of the signals on adjacent wires in the §£$

e
harness as well as the degree of coupling between those wires, E;ﬁ

In recent years, methods of mathematically modeling this crosstalk to f}_

RS
determine its degree of severity have been developed and studied. All of ii;_
these modeling techniques rely on the theory of the distributed parameter, t:{
multiconductor transmission line model., For frequencies such that the cable t:{
length is sufficiently short, electrically, lumped parameter approximations to g&;
this basic model are sufficient, For controlled configurations wherein the iii

relative wire spacings are known and controlled along the cable bundle, this
model has been shown to yield accurate predictions of the crosstalk [19]. :*

Although current harness technology is making more frequent use of the -
controlled characteristic flatpack types, there exist a large proportion of

the cable harnesses which may be classified as random cable bundles. 1In

these traditional types of cable harnesses, the wires are held in close proxi- oy
mity by lacing cord, cable ties, etc. The exact, relative positions of the
wires are unknown and moreover vary along the cable bundle, Two supposedly e

I3 \ -
identical harnesses in two supposedly identical systems will, in reality ex- SR

s
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P
4
3

L
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i
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hibit quite different crosstalk properties, LAy
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Also, these crosstalk properties depend quite strongly on the terminal
loads attached to the ends of the wires. 1In a recent study [20], this effect
was shown to be significant. A 25-wire random cable bundle shown in Fig. 3-1
was constructed of #22 gauge stranded wires suspended 2.4 cm above a ground
plane. The cable length was 4 m and the wires were inserted into connectors
at each end as shown in Fig. 3-2. These connectors were attached to circuits
which were mounted on a 2 foot x 16 foot, 1/8 inch thick aluminum ground plane
to provide the terminal loads shown in Fig. 3-1., The wires were held together
with nylon lacing cord. Wire 25 was driven at the left end by a sinusoidal
oscillator whose frequency was varied from 1 kHz to 100 MHz in discrete steps.
The other end of the wire was terminated to the ground plane with a resistor R.
Wire 14 was alsc terminated at both ends with a resistor R. The received
voltage (crosstalk) at the left end of this wire was measured. The voltage
transfer ratio is then the ratio of this received voltage to the voltage ap-
plied to wire 25, Two values of R were used: R = 50 @ and R = 1 k2. Those
values were chosen so that the two coupling mechanisms - capacitive and induc-
tive coupling - could be accentuated. The characteristic impedance, ZC’ of

one #22 gauge wire 2.4 cm above ground is on the order of 300 Q. Thus when

R = 50 @, R < Z, and capacitive coupling will predominate. When R = 1 k{,

C
R > ZC and inductive coupling will predominate.

In order to investigate the sensitivity of the crosstalk to variatioms in
relative wire position as well as load impedance, the following experiment was
conducted. The bundle was initially wrapped and suspended 2.4 cm above the

ground plane by styrofoam supports. Next, the R = 50 loads were attached

and the crosstalk measured for frequencies from 1 kHz to 100 MHz. Then the

R = 1 k loads were attached and the frequency response remeasured. These data

constitute the results for cable #1.



PRI G ST I I I S S IMIE R A g A A i p “pd <l SR ub IR e A~ gl ikl SRl - Callt :.-_'.r.
I
e,
RS
'\.g\«
S
e
:-I::}._ -
I\ ‘. A
Average Bundie Height Above Ground Plane = 2.4 cm T
- 4m - 0T
:;i::
100 ka O i0a o
N N P
47a @ m e
'"__’l\{m—. ©) * 470 ' e
] - ° 4 iy
08 @ Jl.'}'m g
—N\—oo —e—AN— R
" 5ka ® . Rn N
a7a ® I00ka
1] - LS i
. Ika . @ . 470 "
" "i: ka . 5“L| .
108 @ kg
I—AN\—e ——N—i
I5k0 oa \
W *- o— \
—_, © Y
- :;n -— (:) cg:—ﬂen =1l
t“——-‘\',kn °* @ ® 4"\30 —Jin
: —N—e —R—i oy
» - Vout * @ Ika A
3 ooy —* —AN— £
- 100k {5ka A
p I"__):!/ o ? loa’ " e
a -
- '~- *
- 'I}-_’u\ls ka 8 aTa " e
o ik . —N— e
3 Ika 10a i
i;:: + ,\I‘O o - J};m " o
= a
h 1) . 4 - "' Sy
: F 15ka @) _\l‘kn o
..‘;_", ||}_ -— ° N :'" - -’_:.’
wn 478 @ oa S
-3 il —o- T i\(——'lll "
- i )\lgo ka @ Ika '-;c
T - - * J\‘ <4 -
) - .
‘ 108 @9 100ka 7

-, & ‘_—N—‘ I RN
- .
A >
N S B
g LAY
":\..."' ] - - < \'| 4" E-.. XS
*. 4 'v|n’ - ."\
ol ‘"}\\
.'..1 ST

Fig. 3-1. The 25-wire random cable bundle.
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The lacing cord was then removed, the cable rewrapped and the above data
were taken again. This constitutes the data for cable #2, This was repeated
8 times to give data for a total of 10 cables. Note that the R = 50 Q and
R =1 k2 data for each cable were for the exact same cable. Thus any dif-
ferences in sensitivity which are found for these two different loads would
clearly indicate the dependence on load impedance of that sensitivity,

The results are plotted in Fig, 3-3 for R = 50 2 and in Fig. 3-4 for

R =1 k@i. Note in Fig. 3-3 that for R = 50 Q, there is virtually no sensitiv-

. s ; . . A . e

ity to variations in relative wire position caused by rewrapping the cable S
e
A

bundle, On the other hand, note in Fig, 3-4 for R = 1 kQ that a change in ~;n}q
LG
¥ =t |

crosstalk of as much as 20 dB occurs when the cable bundle is rewrapped.,

- g

Note also that this occurs even for frequencies where the cable is electrically
very short. Thus for R = 1 k{2, these 10, supposedly identical cable bundles
in fact exhibit quite different crosstalk characteristics.

Also plotted on these data are the predictions of a typical computer
program, the Intrasystem Electromagnetic Compatibility Analysis Program,
IEMCAP [21]. This is representative of similar "worst case" models which
attempt to bound this variability. 1In addition, upper and lower bounds ob-
tained with tolerance intervals based on the statistics of the data are shown
[20].

The crosstalk data may represent an important part of some overall trans-
fer function for interference. Even though the remainder of the transfer
function is characterized by little or no variability, variability of the
crosstalk may render any deterministic predictions meaningless unless they are

upper bounds. Even then, these upper bounds may be severely pessimistic re-

sulting in considerable overdesign. A more appropriate method of characteriz-
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ing this crosstalk for the purposes of estimating potential problems would
seem to be the statistical approach alluded to in the previous chapter.

Other portions of an overall transfer function may exhibit similar
variabilities, A specific example of this is discussed in the next chapter
with regard to variability in the nonlinear transfer functions of Op Amps.

In chapter 5, an experiment is detailed which contains both aspects of this
variability. The purpose will be to Investigate the feasibility of combining
separate sets of statistics on various portions of a transfer function to de-

termine the overall statistics of the transfer function.
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Statistics of Measured Demodulation RFI responses

in Operational Amplifier Circuits.

The specific RFI effect investigated was demodulation of amplitude-
modulated (AM) RF signals in operational amplifiers (op amps)
to produce undesired low frequency responses at the AM-modulation
frequency. The undesired demodulated response may then be processed
as a desired low frequency signal by the low frequency compon-
ents that follow the op amp. In this chapter, the investigation of
an op amp unity gain buffer amplifier configuration and a 3-stage [2]
op amp configuration will be discussed. The op amp types chosen are
the widely used 741 bipolar op amps which have conventional npn input
transistors, the newer LM10 bipolar op amps which have less conven-
tional pnp input transistors, the LF355 JFET-bipolar op amps which
have junction field-effect-transistor (JFET) input transistors, and
the CA081 MOS-bipolar op amps which have metal-oxide-semiconductor
field-effect transistor (MOSFET) input transistors. Information on

the units tested is summarized in Table 4-1 and Table 4-2. The second-

order transfer function Hz(—fc,fc), which characterizes the RFI demod-

ulation response, was determined from the measured data. The scatter
plot and statistics such as mean and standard deviation of HZ(_fc’fc)

for 25 to 30 units of each op amp type tested will be presented.
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TABLE 4-1

OPERATIONAL AMPLIFIERS TESTED

Desig. 741 LM10 CA081 LF355
Type Bipolar Bipolar Bi-MOS Bi-FET
Input npn pnp MOSFET JFET
Interior bipolar bipolar bipolaur bipolar
Units 30 25 30 30
Codes 5 4 2 4

Manu. 2 1 1 1

TABLE 4-2

MAKER AND PRODUCTION DATA INFORMATION OF THE 30 741 OP AMPS

Group Units laker Year Week
1 5 RCA 1981 27
2 5 Fairchild 1976 36
3 10 Fairchild® 1981 38
4 5 Fairchild® 1981 35
5 5 Fairchild® 1982 49

? Manufactured in Hong Kong.

b Manufactured in Korea.
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4.1 The Unity Gain Buffer Amplifier and Its Linear Response

The linear response of an amplifier is also called its first-
order transfer function. Before starting measurements of the
second-order transfer function of a nonlinear circuit, measurement

of the linear response is usually performed to check the normal

operation of the amplifier circuit. Figure 4-1 shows the experi- }i?:
-
mental set-up for measuring the linear response of an op amp unity Eﬁ!’

gain buffer. 1In this measurement, the input voltage amplitude Vi

o1 and V02

were measured corresponding to Rx = 0 and Rx = 50 ), respectively. L.!!

was held constant at 50 mV while the output voltages V

Then the linear response Vo/Vi corresponding to Rx = ® can be

derived from the expression

Vv -1 . e

(100 50 ~ s
—_— = - R = 4-1 A
v, Y, 5 (mV) V01 mv)” ' x (4-1) ‘

The reason for using this scheme is that the linear response
of an op amp unity gain buffer is a function of load resistance
at RF frequencies where the loop-gain is small. The coaxial cable
which connects the output node Vo to the input of RF voltmeter has
to be terminated by a 50 (I resistor, which loads the amplifier out-
put. Therefore the linear response corresponding to Rx = « which
corresponds to not connecting the RF voltmeter, has to be derived
indirectly from Eq. (4-1). Figures 4-2 to 4-5 show the linear
responses of the unity gain configuration of the 741, LM10, CA081,

and LF355 op amps, respectively.
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Examining the data shown in Figures 4-2 to 4-5, we observe

Ty
)

Ny

that the unity gain buffer stage linear frequency response is down

3 dB at 0.03 MHz for the LM10, is down 3 dB at 0.7 MHz for the 741,

LR
Ny
.

""-.

is down 3 dB at 4 MHz for the CAQ081, and is down 3 dB at 7 MHz for
the LF355. These results indicate that the gain-bandwidth product
for the unity gain buffer amplifier configuration is lowest for the
LM10 and highest for the LF355. However, we should note that the
linear responses were measured for only one unit of each op amp

type. Our results are consistent with the typical data for these

op amps provided by manufacturers except that for the order of the
CA081 and LF355. See Ref, [2] for a plot of manufacturer's typical

data.

4.2 Measurement of Demodulation RFI Response of Unity Gain Buffer

From the previous section, we have just shown that all four
op amps are best operated at frequencies less than 10 MHz in the
unity gain buffer configuration. Now, we are going to demonstrate
how amplitude-modulated (AM) RF signals are demodulated to pro-

duce undesired audio frequency signals which fall into the normal

.‘..
1]
L ".
.
t'_
7

frequency range of the op amp circuit [22].

—}‘::-:. 'y'\‘_\\
R N
;Iﬂi The block diagram of the experimental system for measuring ;J;
5
.' the demodulation RFI response is shown in Figure 4-6. The RF
}IPZ signal generator injects into the non-inverting input of the op
%}2 amp circuit an amplitude-modulated RF signal, Vg’ which may be
_ expressed as
-'}:
\I

oy 49
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S Fig. 4-6. Block diagram of system used to measure RFI. Ny,
.\ 'T::'»-; )
S e ),:l‘\.'
o V (t) = A(1 + mcos2mf_t)cos2nf t (4-2)
g m c
ij:'_: where A is the amplitude of the RF signal without modulation

(m = 0), m is the modulation index, fm is the frequency of modul-

; ation, and fc is the RF signal frequency. The low pass filter is g:\-‘
- inserted between the amplifier output and the tuned AF voltmeter F.‘.*
- in order to reduce the RF signals entering the AF voltmeter input. gy
’ This is done to eliminate the possibility that an amplitude-modul- .:.::
ated RF signal entering the AF voltmeter would generate audio fre- (\.:\:.j_',
"ot el
: quency responses in the tuned AF voltmeter. Figure 4-7 shows a AR
::: more detailed circuit diagram for the measurement system. Notice C:.E\}':?
- that the 50 Q1 cnaxial cable from the RF source to the circuit has }-ﬂ o
’g been terminated with a 50 § resistor to eliminate the reflection ..:_:{:
:;5 of the RF signal at the receiving end of the cable. \::::_:
¥ 25
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The voltage reading at the tuned AF voltmeter is a direct &:%
measure of the demodulation RFI response which can be character- ol
F.-’:
ized by the second-order-transfer function HZ(—fc,fc) of the }:i'
e
circuit under consideration. An expression from which HZ(-fc,fC) ;{i.
values can be determined from the tuned AF voltmeter readings -
o
L
has been derived in Chapter 2. Using Eq. (2.3-36), the amplitude at"."}
w_-\.:_:
of the intermodulation signal at frequency fm is given by i;:*
V= ma® |H, (-f ,f )| (4-3) i
m 2" "e’e s
e
-“ -“.
:,*.:_-,.
The AF voltmeter indicates the rms voltage of the AF signal. i
If we denote this rms voltage by Vy» then P
V. = 0.707mA% [H, (£ _,£ )| (4=4)
M : 2 "c¢’"c P
Equation (4-4) can be expressed in dB with respect to a 1 mV ':
o
reference level. :'.cf’- ;
!;-
2 -3 -
3 20 10g10|VM/1mV| 20+1og, ,[0.707mA |H2(-fc,fc)|] - 20+log,,(1077) S
S :'*“::».
:':' I{:.\!."
s = . . A%
-2 57 + 20-logy, (m) + 40 log;,(A) AW
o ol
+ 20'log10|H2(—fc,fc)| (4-5) 3;:-}:%
o
-55:;‘?-‘
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The amplitude of the RF carrier voltage A can be given in i:;;i_
terms of the generator available power Pgen which by definition Eii;
is the power the generator would deliver to a load R, = R where :‘75’
Rg is the generator internal impedance. Using the equivalent cir- é:;;.
cuit of Figure 4-8 with Ri = Rg’ we obtain the relationship :\:'\:
Vi A2
Pgen "R, ° B8R (4-6) ST
i g NS
Note that Vi is an rms voltage, but that A is an amplitude. If izgzii
Ri = Rg = 50 2, Equation (4-5) can be expressed in terms of dBm N
as
Pgen(dBm) = lO‘loglO((A2/400)/10_3) = 4 + 20'log10(A) 4-7)
With m = 0.5, Equation (4-4) can be written as
20+log, o |Vy/1nv| = 2Pgen(dBm) + 43 + 20'log10|H2(-fc,fc)| (4-8)
Thus, we have an expression relating Hz(—fc,fc) values and
the tuned AF voltmeter readings. Besides, Equation (4-8) also
suggests a convenient way of checking whether the AF voltmeter
reading are caused by the second-order nonlinearities of the
amplifier circuit under test. For every 1 dBm variation in Pgen’
a corresponding 2 dB variation should be observed in the measured
VM value. We assume this condition when we use Equation (4-8) to
calculate Hz(—fc,fc). Figure 4-9 shows values of the measured AF
voltmeter reading VM in dBV versus the generator available power ) -
-
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Signal Generator Amplifier Under
Test with Load

Fig. 4-8. Circuit used to relate the available power Pgen that
the signal generator can deliver to a matched load

Ri = Rg to the signal generator voltage amplitude Vg'

Pgen for four types of op amps at fC = 10 MHz. It is seen that
for Pgen < 0 dBm, all four op amps have data plots that are
straight lines with slopes equal to two in agreement with Equa-
tion (4-8). The region in which this behavior is observed is
often called the square-law response region. For Pgen > 0 dBm,

the slopes of the data curves start to deviate from two because

of nonlinear terms of order higher than two. Whereas we cannot
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Measured values of AF voltage VM(rms) at the tuned AF
voltmeter vs the generator available power Pgen for the

unity gain buffer circuit for four types of op amps at

one RF frequency:
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l1kHZ, f =
m c

10MHz, m = 0.5
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ambient noise level and become difficult to measure. Each curve
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= shown in Figure 4-9 is used to obtain a Hz(-fc,fc) value at one B0k

ii?r RF frequency. Values of H,(-f.,f.) at other RF frequencies may

EE;‘ be obtained from plots similar to that shown in Figure 4-9. It

s is not necessary to measure as many data points as shown in

.:2: Figure 4-9. Often, measurements were made at two values of Pgen

Ei% such as -10 dBm and -20 dBm to verify the square-law response.

f{: Then the value of VM(rms) at Pgen = ~10 dBm was used to determine

Sj; I'12(_fc’fc)' E&S¢E

2 1

4,3 Statistical Results for Unity Gain Buffer :3:;

)

;:?: As discussed in the previous section, the demodulation RFI

-%% in the square law response region can be characterized by the one

A

f”? parameter Hz(—fc,fc). Shown in Figures 4-10 to 4-13 are values of

;;é H2(-fc,fc) for RF frequencies ranging from 0.1 to 400 MHz for the

E?; 115 op amps tested. In Figure 4-10 data for 30 741 op amps are

i:' presented. Among these 741 op amps, five were made by RCA in 1981

and the others were made by Fairchild during 1976 to 1982. The

A -
R R e R ]
ol il W) <
vle
AL L BN

detailed information is listed in Table 4-2. The Hz(-fc,fc) values

at a specific RF frequency vary + 1.5 to + 11.5 dB. In Figure 4-11
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data for 25 LM10 op amps are presented. All 25 op amps were

made during 1981 and 1982 by National Semiconductor. The most
interesting aspect of the LM10 data is that two LM10 units

(called mavericks) have HZ(—fC,fC) values very different from the
other LM10 units. It should be noted that one maverick LMI1O

op amp has a normal linear response as shown in Figure 4-18 of Ref.
[2]. Its voltage gain vs frequency response appeared to be
similar to the other 23 LM10 op amps. Since the maverick LM10 might

perform as expected in some circuits, its data can not really be

excluded from our statistical calculations. The 23 similar IM10 op
amps have H2(—fc,fc) values varying + 3 to + 12 dB at any one RF fre-
quency. In Figure 4-12 data for 30 CAO81 op amps are presented.
All 30 units were made by RCA during 1980. The Hz(—fc,fc) values
vary + 1 to + 5 dB at any one RF frequency. 1In Figure 4-13 data
for 30 LF355 op amps are presented. All 30 units were made by
National Semiconductor during 1980 to 1982. The most interesting
aspects of the LF355 data are the resonances near 4.5 MHz and 12
MHz where the Hy(-f_,f.) values decrease as much as 25 db and 15
dB, respectively. The cause of the resonances has been investi-
gated by computer-aided analysis of the circuit with the LF355

op amp replaced by its macromodel as described in Ref. [2]. The

H —fc,fc) values outside the resonance regions vary from + 3 dB

5
to + 8 dB at any one RF frequency.
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Shown in Figures 4-14 and 4-15 are the mean values for
Hy(-f »f ) which are denoted by ﬁé and the standard deviation o
for the four types of op amps tested. Values forlﬁ2 and 0 were
calculated using the data for all the op amps given in Figures

4-10 to 4-13.

The mean values for Hz(-fc,fc) indicate clearly that de-
modulation RFI effects are greater in op amps with bipolar input
transistors (741 and LM10) than they are in op amps with FET in-
put transistors (CAO081 and LF355). This is a most important
observation. At RF frequencies above 10 MHz, demodulation RFI effects
in the 741 op amp are significantly greater than in the IM10 op amp.
It is believed that this is a result of the cutoff frequency of the
npn bipolar input tramnsistors in the 741 op amp being higher than

the cutoff frequency of the pnp bipolar input transistors in the

LM10 op amp. It is also noted that the mean value ﬁé for the

LF355 op amp shows much less resonant excursion than do individual

SR

units. This is a result of the spread in values for the resonant if

¢ -:1:.:-

frequencies which causes a smoothing effect for ﬁé. For RF fre- P

I quencies less than 10 MHz, the mean value ﬁz is lowest for the {:f:

:;ﬁ CAO081 op amps (MOSFET input transistors). For RF frequencies :}}ﬁ

}iﬁ greater than 10 MHz, the mean value ﬁé is lowest for the LF355 op .

® .

E{i amps (JFET input transistors). tifi'
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The values for the standard deviation ¢ vs RF frequency are

shown in Figure 4-15. It is noted that for the CAO81 op amps,

the 0 values are less than 2 dB except at 0.1 MHz where ﬁé is very
small. For the IM10 op amps, the O values were calculated both
for all op amps and also for the normal op amps only.

.5
Standard Deviation = 0 = [(Z(x - u)z) + n]

where n = total number of items,
X = item value,

U = mean value of all items.

Omitting the Hz(-fc,fc) values for the two maverick LM10 op amps
decreased 0 by approximately 2 to 4 dB below 2 MHz and by approxi-
mately 1 dB or less above 2 MHz. The 0 values shown in Figure

4-15 are the values calculated for all 25 op amps. For the LF355

op amps, the 0 values are large especially in resonant regions near
4.5 MHz and 12 MHz. The 0 values are also large above 200 MHz where

the Hz(-f ,f ) values are small.
c’c
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4.4 The 3-Stage Op Amp LED Circuit and Its Linear Response

We have presented results for the unity voltage gain buffer
amplifier circuit which is often called a voltage follower. That
circuit configuration is noninverting because the intended signal
is injected into the noninverting input denoted by (+). The RFI
signal was also injected into the noninverting input. In this
section, we report the results of an investigation of the invert-
ing op amp configuration shown in Figure 4-16. The intended
signal voltage gain is A, = VOUT/VIN = -R2/R1 and the intended
signal input impedance is Rl. The capacitance C4 in the feedback
path, when included, provides RFI suppression [23]. An experi-

mental configuration similar to that shown in Figure 4-6 was used

to measure demodulation RFI for RF frequqncies in the range 100 kHz

to 400 MHz. Measurement results will be presented for Rl = 10 k2
and R2 = 100 k2 for C4 = O pF and C4 = 27 pF for 35 units of 741
op amps. Thirty units are identical to those listed in Table 4-2;
the five additional 741 op amps were made by National Semicon-

ductor in 1982.

The actual circuit used in the measurement of demodulation
RFI effects in inverting op amp circuits is shown in Figure 4-17.
This circuit will be referred to ag the 3-stage op amp LED circuit

hereafter. The 3-stage op amp LED circuit was designed to corre-
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Fig. 4-16. Inverting op amp circuit with voltage gain A, = -R2/R1.

The capacitor C4, when included, provides RFI

suppression.

spond to a circuit in a warning light system. In a warning light
system, a tranducer generates a signal which must be amplified suf-
ficiently in order to turn on a warning light such as an LED (Light
Emitting Diode). The RF1 signal is injected into the inverting
input of the lst stage. The RFI signal is an AM-modulated RF signal.
Because of nonlinearities which exist in analog circuits called
linear amplifiers, a demodulated RFI response at the AM modulation

frequency is generated within the lst op amp stage. The demodulated
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RFI signal produced in the lst stage is amplified by the 2nd stage
and by the third stage which drives the Light-Emitting Diode .

The amplified demodulated RFI signal can light the LED to produce a
visual display of the existence of RFI. The EMI experiment was de-
signed to demonstrate how two sets of statistics from two indepen-
dent experiments can be combined to predict the statistics of a com-
bined experiment. One experiment (See Chapter 3) provided statis-
tics on cable coupling for wires terminated in resistive loads. The
experiment described in this section and in the following section
provided second-order transfer function statistics for the 3-stage
op amp LED circuit. The goal was to combine the two sets of inde-
pendent statistics and to compare to the statistics of the combined
experiment. The second-order transfer function of the inverting op
amp configuration of Figure 4-16 can be related to the second-order
transfer function of the 3-stage op amp LED circuit by accounting
for the linear voltage gains of the second and third stage and the
attentuation of the circuit between the RF generator and input of

the 1lst stage.

This paragraph will describe the function of each element in
the circuit of Figure 4-17. The RF signal generator produces an
RF voltage with an RF carrier frequency fc in the range 0.1 to
400 MHz. The RF voltage is AM-modulated with modulation index

m = 0.5 and AM-modulation frequency fm = 1 kHz., The capacitors
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C6, C7, and Cl and resistors R10, R1ll, and the 50 f input resis-

tor of the RF voltmeter form a high-pass RC filter which blocks

dc and any spurious 1 kHz components from the RF generator. The
first stage is the op amp under test; it has an inverting config-
uration. Its second-order nonlinearities cause an undesired de-
modulation of the amplitude-modulated RF signal to produce an
undesired audio modulation frequency component Vgi at the output

of the first stage. The ratio of the feedback resistor R2 to the
input resistor Rl provides the intended linear voltage gain Av1 of
the first stage at low frequencies. The capacitor C4, when included,
serves as an RFI suppression capacitor [23]. The RF voltmeter
reads the rms RF voltage VﬁF which is one-half the rms RF voltage
Vi at the input of the first stage. Note that a 50  resistor is
used to terminate the 50 §{I coaxial cable connecting the circuit and
the RF voltmeter. Furthermore, the resistor combination of R10 in
parallel with the series combination R1ll + the 50  termination
resistor at the RF voltmeter input provides at high frequencies a
50 § terminating resistance to the 50 {i coaxial cable connecting
the RF generator and the circuit. Between the first and second
stages there is a low-pass filter formed by R3, R4, and C2. It
attenuates any RF components from the first stage, but it allows

the audio frequency component Vgi to pass through. The second and

third stages provide linear voltage amplification of the audio-fre-




... A

quency component VSF. The second stage is an inverting amplifier
with a voltage gain of 100 determined by the ratio R5/(R3 + R4).

It is critical to include a resistor equal in value to the feedback
resistor R2 from the noninverting input of the first stage to ground.
That resistor reduces the dc offset voltage at the output of the
first stage. The first stage dc offset voltage will be amplified

in the second stage and can cause saturation at the output of the
second stage. The resistor connecting the noninverting input of the
second stage to ground serves a similar purpose, but it is less
critical. The capacitor C3 and resistor R7 form a high-pass filter
with a 160 Hz cutoff frequency to block any remaining dc offsets

at the output of the second stage from entering the 3rd stage.

The third stage is a noninverting amplifier with a voltage gain

of 10 determined by the ratio (R8 + R9)/R8. The LED goes on when
the rms voltage of the amplifier demodulated audio frequency com-
ponents Vgg at the output of the 3rd stage exceeds a threshold
value. The threshold value for a purely 1 kHz signal was typically
1.1 V (rms) which corresponds to a peak voltage of 1.5 V. There
were occasions when the LED went on and the 1 kHz voltage component
was much less thar. 1.1 V (rms). In these cases a strong 2 kHz volt-
age component was observed. A 2 kHz voltage component can also be a
second-order demodulation RFI component. It results from a beating

or mixing (intermodulation) of the upper and lower sidebands of the




AM-modulated RF input signal in the lgt op amp stage. Usually, the
2 kHz RFI component was in the range 0.15 + 0.005 V (rms) when the

1 kHz RFI component was 1.0 V (rms). However, when a resonant effect

was observed which caused the 1 kHz voltage component to be suppressed,
the RF voltage has to be increased to an unusually high level

in order to turn on the LED. Then a strong 2 kHz voltage component
was observed. The 2 kHz voltage component might be as large as the

1 kHz voltage component. Occasionally, the 2 kHz voltage component

exceeded the 1 kHz voltage component. We suspect that these circum-
stances indicated that a 4th-order nonlinear effect may have mani-

fested itself.

A frequency counter was used to measure accurately the RF fre-
quency. A eathode ray oscilloscope (CRO) was used to monitor the dc

offset voltage and the AF voltage waveform at the output of the second stage.

Prior to the measurement of demodulation RFI responses, the
linear voltage gain at audio frequency 1 kHz of the entire 3-stage
op amp LED assembly and of each section was measured to verify the
circuit connections. An Audio Frequency (AF) oscillator (hp651B)
was connected in place of the RF voltmeter to apply an AF signal
to the circuit while the RF generator was turned off. The AF volt-
ages Vgg, Vgg, Vgi, Vgi, V?f, and ViF which are shown in Figure

4-17 were read with a tuned AF wave analyzer (hp302A). The super-
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script AF denotes Audio Frequency component. The AF voltage VO3
at the output of the 3rd stage was set at 1.0 V (rms) while readings

of other AF voltages were taken. The results are given in Table

F
4-3. The Vgx

reading drew our attention. When the op amp used in
the 2nd stage was a 741 op amp, the voltage Vﬁ; was 0.25 mV instead
of the expected 0.2 mV. When the 741 op amp was replaced with a

LF355 op amp, the voltage V3§ was 0.2 mV in agreement with what we
expected. We believe that the discrepancy in the Vgi value when a
741 op amp was used in the second stage is related to the low input

impedance of the 741 op amp., Other AF voltages in Table 4-3 have

values in satisfactory agreement with calculated values.

4.5 Measurement of Demodulation RFI Response of 3~Stage Op Amp
LED Circuit

In all measurements of demodulation RFI responses, the op amps
for the 2nd and 3rd stage of the 3-stage op amp LED circuit were
the same (741-#20 and 741-#12 respectively). The lst stage op amp
was changed. Each of the 30 units of 741 op amps listed in Table
4-2 and the five additional 741 op amps made by National Semiconductor
was used in the 1lst stage. The signal from the RF generator was a
507% amplitude-modulated (1 kHz) RF signal as before. The input RF
signal at a specific RF frequency was adjusted so that the demodulated
1 kHz AF component at output V3 of the 3rd stage reached rms values
of Vgg = 1.0 V and 0.4 V sequentially. At the same time, the meter

readings of the RF generator and RF voltmeter were recorded. This
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TABLE 4-3 R
LINEAR AF NODE VOLTAGES AT 1 KHZ OF THE 3-STAGE OP AMP LED CIRCUIT |"‘" !
C:f-.j.-’._
hp 302A Expected i
v N
AF Voltage Readinga Value AR
VAF li P -.‘h -
L
03 (V) 1.0 1.0 L
VAT (mv) 102 100 e
02
JAF b S
o @) 0.25 0.20 A
]

F .".".-" “
v‘gl (V) 0.98 1.0 o
vAF ( N

§ LIV) 98 100 ._ o
vAF ¢
2 115 > 100

2 a11 readings are in rms values. The 741 op amps were
used in all 3 stages (lst: 741-#1, 2nd: 741-#20,
3rd: 741-#12).

RO
B G *

b ‘.:.\:_\:_\
When a LF355 was used in 2nd stage, the reading was 0.2 mV. RN
B

. %

procedure was used to verify the square law response region described NOERD

in Section 4.2. To understand this, note that the two AF voltages
(1.0 V and 0.4 V) at output V3 corresponds to a ratio of -8 dB.
Therefore, the two corresponding meter readings of the RF voltmeter

or RF generator should give a ratio of approximately -4 dB. 1If

otherwise, the data taken do not reflect the characteristics of
x second-order nonlinearities and should be rejected for use in deter-
S mining H2. If the data correspond to the square law response region,

. the second-order transfer function can be determined from the data.
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The 1 kHz AF rms voltage Vgg at the output is related to the
RF rms voltage VEF from the RF generator by the second-order transfer

function HZ(_fc’fc)'

TV = m(/T VAN +[Hy (£ )| 4-9)

where m is the modulation index. The factor v 2 arises because
amplitudes are used in nonlinear transfer function expressions.

From Figure 4-17, we note the voltage relationship given by

VRF - AVRF
g m

(4-10)

P

ey
.

Substitute Eq. (4-9) into Eq. (4-10) and solve for Hz(—fc,fc) with

m = 0.5. The result is

F RF,2
My (£, )| = VT Vsl (Ve (4-11)

where Vgg and ViF are in rms volts. Equation (4-11) can be

expressed in dB as

AF RF
2010g10|H2(-fc,fc)| = 20log, 4V, - 40log,gV " - 21.0  (4-12)

)

- The second-order transfer function H, of the lst stage alomne, i.e.,
o,
. between the output node of the 1lst stage and the node connecting Cl
l". and Rl, can be related to the second-order transfer function Hz of
l".
o the complete circuit. Accounting for the linear gains of the 2nd
.-

C=; stage (100) and the 3rd stage (10) and the attenuation factor (0.5)
2

F.!. of the input attenuator, we obtain the results

:.:_:.

p -
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By (£, €0 = [y (-£_,£) ] (2)2/(100-10) = |H,(-£_,£)]/250 (4-13)

L}
or  20log,|H,(-f ,£ )| = 20log, |H,)(~£_ ,£ )| - 48.0 (4-14)

oy
Vs

4.6 Statistical Results for 3-Stage Op Amp LED Circuit

NN
e
CROR R Jede

X As discussed previously, the demodulation RFI at 1 kHz in the

-

-

square law response region can be characterized by the one parameter
;]% Hz(—fc,fc). Shown in Figures 4-18 and 4-19 are measured values of
Jii H2(-fc,fc) of the 3-stage op amp LED circuit for RF frequencies in
.: the range of 0.1 to 150 MHz for 35 units of 741 op amps tested. In
Figure 4-18, the resistor and capacitor combinations are Rl = 10 k{2,
R2 = 100 k2, and C4 = C5 = 0, The Hz(-fc,fc) values at a specific
" RF frequency vary + 3 to + 11 dB. In Figure 4-19, the resistor and
et capacitor combinations are Rl = 10 k2, R2 = 100 ki, and C4 = C5 = 27 pF.
;;j The Hz(-fc,fc) values at a specific RF frequency vary + 4 to + 15 dB.
Whereas H, values in Figures 4-18 and 4-19 are for the complete 3-
k}- stage op amp LED circuit, the H; values for the lst stage alone can
“;i, be obtained easily by subtracting 48 dB from H, values for the com-
plete circuit. See Eq. (4-14). The value of the ordinate in

Figures 4-18 and 4-19 is reduced by 48 dB. The variations of H,

values in dB at a specific frequency are identical to those of H2

values.
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Shown in Figures 4-20 and 4-~21 are the mean values for Bz(-fc,fc)
which are denoted by ﬁé and the standard deviation ¢ for 35 units of
741 op amps tested in the 3-~stage op amp LED circuit. One of the
two sets of data in each figure corresponds to Rl = 10 kf2, R2 = 100

kf}, and C4

C5 = 0. Another set corresponds to Rl = 10 k2, R2 = 100

k{2, and C4

C5 = 27 pF. The mean values for HZ(—fc,fc) indicate
clearly the effect of the RFI suppression capacitor C4 when it is
~:; connected in the feedback path of the lst stage. The suppression
of demodulation RFI effects caused by a 27 pF capacitor result in a
reduction in ﬁz from 3.5 dB to as much as 36.5 dB at a specific RF
frequency. Another effect of the RFI suppression capacitor C4 is
indicated by the two sets of standard deviation data in Figure 4-21.
That plot shows that the spreading of H, values is wider in general
by including C4 = 27 pF. An increase as much as 5 dB in standard

deviation is observed at certain RF frequencies.

:i: In Figure 4-22, RFI demodulation responses in two 741 op amp

igﬁ circuits are shown. One set of data are mean values of measured

-?ﬂ H2 for the 741 unity gain buffer. Another set of data are mean

SE& values of measured H2 for the 741 inverting amplifier with a voltage E{};
iéi gain of 10 and no RFI suppression capacitor (C4 = 0). For compari- E;i.
.:‘\- son purposes, the H2 values for the 741 unity gain buffer from _‘_.1
Eﬁig Figure 4-14 have to be adjusted. We want an H; for the unity gain Eiig
35&‘ buffer that relates the audio-frequency voltage at the op amp out- :i?ig
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put to the RF voltage at the noninverting input terminal. We must

u

"Nt iy
D4 2N
AJ’.—LA.L.‘

account for the voltage division at the output which contributes a
factor of (2) and the voltage division at the input which contri-
butes a factor of (2)2. See Figure 4-7. Therefore, the relation-

ships between H2 and H2 are given by
'
IHZ(—fC’fC)| = SIHZ(-fC’fC)I (4"15)
]
2010g10lH2(-fc,fc)| = 2010310|H2(-fc,fc)| + 18.1 (4-16)

The result is an increase of 18 dB in the HZ values plotted in

Figure 4-14. Also Hz values for the 741 inverting amplifier from

Y
bt Figure 4-20 have been adjusted using Eq. (4-14). The result is a

decrease of 48 dB in the values plotted in Figure 4-20. The adjusted

H2 values in Figure 4-22, therefore, exclude the linear amplification

and attenuation stages in the experimental setups. The adjusted

1
mean values for H2 are surprisingly similar in that both sets of

?
3

) data points have a peak value near 10 dB. The comparison shows that

g
L]
l"‘

the 741 unity gain buffer has a lower average RFI response for RF

ks & A
16"

frequencies below 8 MHz. Above 8 MHz, the average RFI demodulation

response in the 741 inverting amplifier is lower.
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V. The Experiment

In the previous two chapters, examples of significant variations in coup-
ling characteristics of a transfer function were shown. The purpose of this
chapter is to review an experiment which combined these two transfer functions.

. The object of the experiment is to investigate the feasibility and adequacy of
combining individual statistics on separate parts of the overall transfer func-
tion,

5.1 Cable Coupling Variability

In Chapter 3, the sensitivity of cable coupling (crosstalk) to variations
in relative wire position was examined. It was found that the sensitivity of
crosstalk to variations in relative wire position was a strong function of the
values of the load impedances. It was found that for "high impedance" loads,
R = 1 k@, that the sensitivity to changes in wire position could be extraor-
dinarily large. Changes in crosstalk caused by rewrapping the 25-wire cable
bundle caused variations of as much as 20 dB even for frequencies where the

line was electrically very short,

The 25 wire cable bundle described in Chapter 3 was reconstructed., Ad-
ditional data were taken in the manner described in Chapter 3 for R = 50 Q@ and
R = 1 k@ loads. The bundle was rewrapped, loads of R = 50 Q@ were attached and

the crosstalk was measured for frequencies of 4 MHz, 5 MHz, 10 MHz and 15 MHz.

i: Then loads of R = 1 k were attached and the crosstalk data retaken. This

é; constituted the data for bundle 11, (The 10 data points obtained previously
;i constitute cables 1 through 10.) The bundle was rewrapped and the above data
E; retaken., This constitutes cable 12,

?S This process was repeated to yield data for a total of 60 cables, The

results at frequencies of 4 MHz, 5 MHz, 10 MHz and 15 MHz are shown in Fig.

84
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5.1=-1 for R = 50 § and for R = 1 k2. Note that a similar sen~
sitivity uncovered previously is found for these additional data., For R = 50
f?, we observe virtually no sensitivity to changes in relative wire position
caused by rewrapping the bundle., There is more sensitivity at 15 MHz than at
4 MHz, 5 MHz and 10 MHz, This is because the cable is becoming electrically
long. At 15 MHz, the cable is approaching 1/4 ) in electrical length. Thus
sensitivity to variations in wire position can be expected to become more
severe at this frequency than at 4 MHz, 5 MHz and 10 MHz., However, note that
the variability of the crosstalk caused by rewrapping the cable bundle with
R =1 kQ is significant at all frequencies. The difference in the maximum
and minimum crosstalk for the 60 bundles is on the order of 15 dB at 4 MHz,
These data will be used in a combined experiment which is discussed at
the end of this chapter. In the next section we will investigate the varia-

bility in the nonlinear transfer functions of Op Amps.
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RANDOM DUNDLE,AN(1V INPUT,OUTPUT IN MV)

RESISTANCE= 1K _OHN 50 _OHH
FREQ=4,0E6  ~5.0C% 1.067 1,567 4,086 5.0E6
6.5 81.1 143. 167, 87.0 74.0
74.0 98.5 55.8 25.4 82.5 76.0
88.1 126. 218, 62.9 13, 115,
120, 149, 235. 275. 88.1 75.0
105. 141, 85.0 128. 91.3 83.8
86.0 122. 113. 51.8 88.8 86.0
109. 146. 4. 89.0 5.8 90.1
46.5 69.4 173, 79.5 64.5 65.9
55.8 79.1 27, 138. 75.1 73.5
55.3 73.2 59.6 64.9 70.4 6.0
7.4 97.0 151, 71.5 97.4 87.9
66.5 91.9 93.0 2.8 84.3 84.5
80.2 13. 182, 290. 85.0 81.3
55.1 79.1 27.6 17.5 87.9 87.2
49.4 9.7 139, 151. 70.2 66,0
90.2 123, 145. 67.9 85.3 79.2
46.2 64.5 102, 98.0 76.4 75.4
56.0 4.9 162. 67.1 74.8 69.8
59.9 74.9 168, 154. 84.0 76.0
108, 133, 347, 185. 114, 100,
134, 172. 285. 236. 9. 109.
49.8 70.1 80.4 73.0 70.1 68.3
83.1 17, 164, 65.9 90.4 87.2
127, 155. 600, 299. 114, 99.0
68.1 80.9 159. 190. 93.2 82.0
121, 151, 346, 189. 99.1 87.0
58.9 83.2 73.0 53.2 80.3 79.2
70.3 94.0 69.1 51.7 88.0 83.9
61.2 88.8 203. 184, 82.0 79.2
55.4 72.0 b6.4 127, 80.8 72.5
62.3 8.6 87.8 74.6 90.1 73.9 25.6 18,2 N |
52.3 73.2 142, 25.3 85.5 2.5 35.0 85,1 q
85.8 122. 81.0 64.4 98.5 94.8 9.8 3.4 AR
84.9 14, 42.9 84,0 6.1 90.9 14,2 46.5 N
9.5 8.2 110, 13.5 95.0 91.1 27.9 61.2 oy
47.0 54.8 83.7 97.9 78.2 67.1 17.6 7.5 A
74.2 88.0 103. 53.8 0.6 88.9 27.8 48,7
54.3 9.5 6.0 49,2 87.1 80.0 8.5 57.1
51 68.5 1. 79.0 91.2 92.1 34.0 45.3 .
52.1 80.0 101, 78.3 82.1 78.5 30.1 51,7 q
. 66.2 96.0 174. 91.3 83.0 83.3 37.0 40.8 e
63.9 90.0 52.0 73.2 81.1 74.7 20.5 48.0 )
- 63.1 81.8 4.2 97.2 80.5 74.5 10.7 90.1 e
57.0 79.8 184. 8.8 70.9 62.1 26.95 32.2 Y
51.0 69.9 ta4. 150. 79.2 73.0 45.1 86.9 N
63.8 27,0 237, 92.8 78.8 67.5 16.1 60.9 e
Sl 54.3 7.2 120. 70.2 77.9 73.0 43.3 81.0 L.
48.3 64.3 105. 95.4 86.5 89.8 20.3 48.9 g
47.5 62.9 24.7 50.0 80.8 72,2 33.2 32.5 IR
85.0 R 143, 81.0 86.1 78.2 16.4 20,7 Tt
75.0 96.0 184. 129 84.0 68.0 13.8 82.0 o)
34.0 9.0 260. 132, 78.0 77.2 19.5 56.2 Ty
0.0 57.0 980. 120. 78.5 73.3 36.8 60.0 o
24.4 . 148. 2.5 69.0 60.0 34.8 51.0 —ay
94.0 14, 146, 65.9 85.0 73.0 12,4 18,2 <o
89.0 100. 295, 178, 83.2 20.0 21.2 74.0
93.8 130, 87.0 83.0 82.0 75.0 16.8 25.4
- 62, 73.5 91.0 132, 20.0 0.0 22.0 50.0
R 89.0 106. 107, 199. 81.2 66.5 39.8 80.0
b, 50.0 64.0 107, 34,0 86.5 84.0 35,0 62.0 :
(SO »
n:,'.': .
iv"— Fig. 5.1-1. Random cable sensitivity data for R = 500 and R = 1k} loads. -
-:".; ‘\.:'-':
R RS
e 86 M
AN U
-ih..-‘ ‘\n“. o
L ) N




et B s i OB e M Seds S tuts Stk Aok Sl ‘Aol B Al S A A Bt S ST LV A p e Bl e S b SIS Sl S M S Ul e e

5.3 The Combined Experiment

The data of the previous two sections have shown the rather extreme vari-
ability which can occur in certain transfer functions which are important con-
tributors to electromagnetic interfererce. In this section we will combine
those variabilities in a single experiment., OQur interest will be to obtain
statistics on some overall transfer function which has these two individual
parts as contributors,

A block diagram of the experiment which was performed was shown in Chap-
ter II and is repeated in Fig., 5.3-1., The 25-wire cable bundle described in
Chapter 3 1is driven by an HP606~C oscillator. This carrier frequency was set
at 4 Miz and 15 MHz. A 1 kHz modulation was applied to this carrier, and the
level of modulation was set at 50%, This composite signal is applied to the

right end of wire 25, The signal is coupled via crosstalk to theright end of

wire l4. A printed circuit board is attached to the end of this wire. The
detailed schematic of the board layout is shown in Fig. 5.3-2. Photographs of
the board attached to the end of the cable bundle are shown in Fig. 5.3-3.

The first stage is an inverting stage with a DC gain of

R
R_Z_ = 10
1
This is followed by a low pass filter consisting of R3 and C2 with a 3dB cut-
t;?} of f frequency of 1764 Hz., This is followed by another inverting amplifier
b
:5 . having a DC gain of
50
. _ 85 g
e This second stage is followed by a highpass filter having a 3dB cutoff frequen-
':ﬁﬂ cy of 159 Hz, A noninverting buffer stage with a DC gain of
e
o
.'::._:‘ 87
AN
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Block diagram of experiment.

5.3-1.

Fig.
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Schematic of board.

Fig. 5.3-2.
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90




— —— - T T T T T WY IR W P RO T VTR e r e e R T IR TP R T W TTE T TEITE VIR T EAIENT  BETTWIT S T e TTE A T e e w‘-_-'"*-?{i

= 10.1

provides the final level to the LED. Thus the overall DC gain is

w

3% W Y
\' \'

<|<
o

A"
2 V4 V5 Vg Vg

<

.ol
v
z

9898

The functioning of the circuit is as follows. The AM modulated signal at

Vl is coupled via crosstalk to the input of the board appearing at V2‘ After ‘i =

passage through the first stage, DC, 1 kHz and 2 kHz components appear at the Eﬁg&%
output of that stage at V7. In addition any AM modulation which may exist is Eﬁ%i‘?
removed by the low pass filter resulting in a baseband signal at V6° The
resulting baseband signal is passed to the second stage which provides ampli- %%%{q
fication. A highpass filter eliminates any DC which may be due to nonlinear ;‘ ﬁ?;

P
rl
»
»

rectification or DC offset resulting from the first two stages, During the

3

course of the experiment the DC level at V5 was monitored to ensure that the

4 l.
vt
S,

.

second stage was not driven into saturation, Finally, the resulting baseband

VR Bt "'V‘:'"'_"J'
RN A
.
o
i
Sl

signal at V4 is passed through a buffer amplifier (the third stage) to the LED.
A total of 52 741 Op Amps were purchased. Of that total, 24 were National

Semiconductor LM741 and 28 were Fairchild pA 741, Two of the Fairchild pA741

units were used in the second and third stages throughout the experiment while
the remaining 50 units were used in the first stage.

A Hewlett-Packard 8405A Vector Voltmeter was used to measure the carrier
level at V1 (channel A). (A 10:1 divider was used on the A channel probe to
insure that it would not be damaged by voltages greater than 2V,) A voltage
divider was constructed on the board at V2 as shown in Fig. 5.3-2., This con-

sisted of a series combination of 560 + 390 = 950Q connecting V., and the center

2
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pin of a BNC connector mounted on the board. Channel B of the Vector Volt- sif
meter was connected to this point (Vi) through a 500 feedthrough resistor, :;;
Therefore V£ = V2/20. (The actual ratio is 19.8675.) Thus the impedance E;E;ﬁ
from V2 to ground was approximately 1 kf}¢ (The input impedance of the Vector Eggj
Voltmeter provided negligible loading across the 509 feedthrough.) The load ;‘:,
impedance seen by wire 14 at the input to the board was then 1 kQ in parallel ;i?:
T
with the impedance seen looking into the first stage. The total input impe- Eisé
dance looking into the board was measured with an HP 4815A Vector Impedance L
Meter. At 4 MHz, the input impedance to the board was found to be 895[:13? Q, égf}
whereas at 15 MHz this impedance was found to be 720[:§§i_9. The output of Eéﬁf
the second stage at VS was monitored with a Tektronix 2213 oscilloscope to it;g
ensure that the DC levels were small enough so that A2 was not driven into &EEZ
saturation. In all cases this level was less than one volt, Voltage v, was Eé%?
monitored with an HP 3400A RMS Voltmeter, The output level, V3, was monitored ‘—;;‘
with an HP 3400A RMS Voltmeter and an HP 3580A Low-Frequency Spectrum Analyzer, E&Eiﬁ
The reason for using both these instruments to monitor V3 was that V3 con- é;éé
tained, in addition to 1 kHz, a 2 kHz component., The RMS Voltmeter shows the '_A;,
combination of these two components, whereas the spectrum analyzer clearly QE;;
SN
separates them, It was found that in all cases the 2 kHz component at V3 was ;;gi

approximately 16 dB down from the 1 kHz component, It was the 1 kHz component

Iy at V, which was recorded.

N In each case the carrier levels at Vl required to produce 1 kHz levels at ﬁl:_j

V3 of .2V, .4V, 1V and sufficient to barely light the LED (normally around 1.25

:}j V) were recorded. The procedure is as follows: ax¢$
- NS
-'~-. ...-.-‘.\ '
E:j 1) Wrap cable bundle. S
“~ A

2) 1Insert Al Op Amp after trimming and straightening

92




leads. RO, !
3) Turn on power supply for Op Amps. el
4) Turn up modulation to 50%, turn up carrier to get

V., = .2V, . g

3 W
HP3590A set on linear and ,2V/div (E,:
HP3400A V, set on .3V/div :%g::
HP3400A V, set on .03V/div ;i;ﬁf
change HP3580A to .1lV/div to read 2 kHz. 3 o3

NGy

5) Turn down modulation. S';\i;-s
6) Read Vl/10 on channel A of vector voltmeter, .:-\
7) Read Vé on channel B of vector voltmeter. "
8) Turn up modulation to 507 and set V3 = L4V :‘Z‘_
HP3580A set on linear and 1V/div §;§i§

HP3400A V, set on 1V/div -

HP3400A V, set on .1lV/div

4
change HP3580A to .2V/div to read 2 kHz,

9) Turn down modulation,

r
LY

10) Read Vl/10 on channel A of vector voltmeter. g
11) Read Vé on channel B of vector voltmeter., A
3 = 1V et
HP3580A set on linear and 2V/div ey

12) Turn up modulation to 50% and set V

HP3400A V., set on 1V/div )

3 (AN
9. HP3400A V, set on .1V/div 3
Sl ey
-.:;4 change HP3580A to 1V/div to read 2 kHz, RSO

:::',: 13) Turn down modulation, QLGS

b 14) Read Vl/lO on channel A of vector voltmeter.

8 93 NS
;
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15) Read Vé on channel B of vector voltmeter, ?:{;1
RS ]
16) Turn up modulation to 50% and set V3 to light
(barely) LED ‘ar
:'L: Sy
HP3580A set on linear and 2V/div ‘:3:}:
NG
HP3400A V3 set on 3V/div
ROMC A
HP3400A V, set on .3V/div J‘:;;::.;::.;
change HP3580A to 1V/div to read 2 kHz Qgﬁ;
LAl
17) Turn down modulation.
18) Read V1/10 on channel A of vector voltmeter, ;i%:{\
A Sl
FEE AL
19) Read Vé on channel B of vector voltmeter, ﬁ:i:f
:.‘!:-\.h

20) Change carrier frequency to 15 MHz and repeat

steps (1) - (19)

21) Rewrap bundle and repeat steps (1) - (20).

Thus there are obtained 50 data points for each carrier frequency and ;.:—3
V3 level., Each data point gives the ratio of the 1 kHz component at V3 to ﬁj'.
|I ‘
the (unmodulated) carrier level at V1 for one bundle wrap and one of the 50 :ﬁﬁf{§
: ‘PK,,‘ "5_‘,
741 Op Amps. It should be observed that, from the data which was recorded, we Fell g
B - -t
are able to obtain (1) the cable coupling transfer function: .ﬁ~_§
L 3
M~

V2 (carrier)

¥

V1 (carrier)

3
o

as well as (2) the nonlinear transfer function of the board: Q}:'?
;\_.. 4
s
LR LN
V3 (1 kHz) tﬂfQﬁ
V2 (carrier) _,-v-“.\
The latter transfer function is related to H2 of the board. ;._;;
S
1

In the next chapter, these data will be analyzed. Qf
o
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VI. Analysis of the Feasibility Experiment Data

‘ The feasibility experiment consisted of three independent investigations. -gi::;
One experiment studied the crosstalk variations in a 25-wire cable bundle izizég
caused by unwrapping and rewrapping the bundle. A second experiment examined iif;ij

4 fluctations in the second-order nonlinear transfer function of operational %ﬁ?:i;

; amplifiers. The third experiment investigated variability in the amplitude iéigi‘

15 of an interfering signal needed to switch on an LED when a cable bundle ;;?it;;

was rewrapped and an operational amplifier changed each time the experiment

v .
A

was performed. These experiments are discussed in detail in Chapter V. 1In

PR3 1

AL LA
= ¥
b
A T
N ;,#{
w4

this chapter some of the experimental data is analyzed.

-,-
T
N

-2 %,

; 6.1 Analysis of the Crosstalk Data :;EE&E%
: The crosstalk within the cable bundle, from V1 to V2’ was characterized ?QE;EE

by the linear voltage transfer function, G(f). The probability density
E function associated with |G(f)| was denoted by fG(g). The data obtained for giiff:
? lG(f)l is listed in Fig. 5.1-1 as a function of load resistance and frequency. ;E&E::

Since the cable input voltage was 1 volt, the cable output voltage equals f

~ | G (f) . ':-“"; hY A
- [} LR n_‘. -

- et
E For analytical convenience, it is desirable to approximate fG(g) by a ;:;:3?
* well known distribution. In generai, several different distributions may i '

’
e

provide acceptable approximations to the experimental data. The procedure for

(]
e

P

finding suitable distributions consisted of two steps. First, the coefficients

a

of skewness and kurtosis, two measures which contain information relative to
- the shape of a distribution, were used to make preliminary selections of can-
3 didate distributions. The candidates were then tested to see whether any

& should be rejected on the basis of a significant statistical deviation between
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the experimental data and the distribution being tested. Approximations to
fG(g) were then chosen from those distributions which passed the test. How-
ever, it was not possible to state whether one distribution which passed the
test was a better approximation than another distribution which also passed
the test.

The coefficients of skewness and kurtosis are related to the k-'-:-t-l
central moment of a random variable where k is a positive integer. Let the

mean of the random variable G be denoted by m The kEh central moment of

G
G is defined to be

o = ELG-m)"] (6.1-1)

where E[ ] denotes the statistical operation of expected value. By

definition,
He3
o,, = —————00 = coefficient of skewness (6.1-2)
G3 [ ]3/2
He2
and
o = ——Egi— = coefficient of kurtosis
G4 2 : (6.1-3)
[uGZ]

The coefficient of skewness is a measure of the asymmetry of the probability

density function. The coefficient of kurtosis is a measure of the "peaked-
ness" or "flatness" of the probability density function in the central part of
the distribution.

Because the underlying distribution of G is unknown, it is necessary to

use the experimental data to estimate Mo UGZ’ UGB’ and ”c&' Let NG denote :%5Si
-M.\.'.'- ¥
the number of rewrappings of the cable bundle. Also, let 8y denote the ALY
DI

measured crosstalk linear transfer function for the kth rewrapping of the
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bundle. Unbiased estimates for mes uGZ’ uG3, and uG4 are then given by

A 1 Yo
e W kzl f’ (6.1-4)
1 \C 2
ez = N1 kzl & = 8g) (6.1-5)
NG NG 3
fes = (NG—I)(NG-Z)kZI (g ;) "> (6.1-6)
NGZ NG . 6NG_9 )
Fou ~ (N_-1) (N_2-3N +3)k£1 & fe) - N 23N 43 [g,1° (6.1-7)
G G G c G

Using Eqs. (6.1-4) through (6.1-7) in Eqs. (6.1-2) and (6.1-3), estimates

of the coefficients of skewness and kurtosis become

N a
63
Ol.G3 = _m (6.1-8)
[,
o - _Peh_ (6.1-9)
G4 7
(6,

Preliminary selections of some well known distributions for approximat-

ing fG(g) are made by comparing the estimates, & and &G4, with the known

G3
values, uG3 and uG&’ of the various distributions under consideration.

Those distributions for which a reasonable match exists become candidates for
further consideration. In general, the probability densdity functions of the
well known distributions contain two or more numerical parameters for which
numerical values must be determined in order for the distribution to be com-
pletely specified. These parameters were chosen such that the mean and

variance of the distribution equaled, respectively, the sample mean, m., and

G
the sample variance, (GG)2 = ﬁGZ' It can be shown, however, that the
97
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) 7; coefficients of skewness and kurtosis are independent of the mean and vari-
[~
- ance of a distribution.
ti:‘ Having selected a group of possible distributions for approximating
AT
:i:: fG(g) on the basis of comparing Qaq and &GA with Ouq andcbh, respectively,
3 it is then desirable to perform a ''goodness of fit'" test on each candidate
;ii distribution. This enables a distribution to be rejected when a significant
ﬁff statistical deviation exists between the experimental data and the distri-
bution being tested. Even though a distribution is not rejected by the sta-
Egt tistical test, it cannot be accepted with perfect confidence. In additiom,
{i} if several distributions are not rejected, the goodness of fit test cannot
* be used to accept one distribution over another. The best that can be said
g regarding distributions which pass the test is that they were not rejected.
N The goodness of fit test prevents acceptance of a distribution which is
, likely to be a poor approximation for fG(g).
e 2
A The X~ test [16] was used as the goodness of fit test. In applying this
.."pl
AN test, the range of G was divided into 5 cells such that it was equally pro-
) bable G would fall into each cell for the distribution under test. Let n,
fﬂf denote the number of data which fell into the kth cell. The relative fre-
fii quency of occurrence for the K*® cell was defined to be
;1% n,
.:':‘, ﬁk_ = F‘ ; k. = 1,2,..0,50 (6.1_10)
:_:.: G
‘ifl The x2 statistic was then evaluated using the relation
Yal R 2
® ) 3 (f, - 0.2)
- N L T (6-1-11)

k=1

. The significance level, %, is defined to be the conditional probability of

R

v
)

rejecting the distribution given that the distribution under test is a
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o suitable approximation. In applying the X test, the significance level was

s chosen to be

8

)

AY

™ B, = 0.01 (6.1-12)

e In addition,

)

L NG = 60 (6.1-13)

b for the crosstalk data of Fig. 5.1-1. The numerical value obtained for the

.-:'_: X2 statistic, using Eq.(6.1-11), was then compared to a threshold value tabu-

- lated for B = 0.0l and the distribution under test [16]. The distribution

under test was accepted as a suitable approximation to fG(g) provided the

q computed value of the )(2 statistic was less than the tabulated threshold.

- The data of Fig. 5.1-1 reveal that the 1k resistive load resulted in

significant crosstalk variability at all frequencies tested. Consequently,
:;-.: in the feasibility experiment, the 25-wire cable bundle was terminated in ::::::::"
R
L approximately a 1k resistive load. The carrier frequency of the AM inter- AR
ference was selected to be 4 MHz and 15 MHz. Therefore, approximate probabil- -

“

e ity density functions for fG(g) were found only for the data corresponding to

>

r:'.

1) R=1kQ, £ =4 Miz

A, 2) R =1k, f_ = 15 MHz. y
..,‘ c '_.-.:_
Fo el
AN This data is found in the first and fourth columns of Fig. 5.1-1. The two RN
h _‘,'.' .
‘.",:‘ cases are discussed separately.
At N LA
.. .
t'. - Case l: R=1k2, f = 4 MHz ~-
R [ PR WY
o T

" %
o Using the data from the first column of Fig. 5.1-1, the estimated mean, RGN
b TALe
Ja s
%’-‘ variance, coefficient of skewness, and coefficient of kurtosis were calculated- betal
A

to be
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A =7.002 x 10”2

G volts
2 _ \ - -4 2
(GG) = CGZ 5.48 x 10 (volts)
Ggy = 0.859 (6.1-14)
aG4 = 3.285

Since the coefficients of skewness and kurtosis are independent of mean and

variance, normalized distributions with zero mean and unit variance were con-
sidered as candidates. These distributions are convenient to work with be-
cause only one parameter is needed to characterize them [16]. The selected

candidates are listed below along with their coefficients of skewness and

kurtosis:
a) Log Normal (C = 1/4), 4y = 0.778, a, = 4.096
b) Weibull (B = 2), O = 0.63, o, = 3.24
¢) Gamma (a=7), a, = 0.71, o, = 3.75.

3 4

Application of the X2 test resulted in acceptance of the Log Normal and
Gamma distributions but in rejection of the Weibull. 1Inserting the sample
mean and variance from Eqs.(6.1-14), the analytical expressions for the den-

sity functions of the Log Normal and Gamma distributions are given by:

Log Normal (C = 1/4)

1.596(g + .022) "} exp{-8[2n((11.193) (g+.022))]%}, g> -.022

fG(g) = (6.1-15)
0 sy g< =.022
Gamma (a = 7)
(9.016 x 10)12(g—.004)7 exp{ -120.831(g-.004)} , g> .004
fG(g) = (6.1-16)
.004
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The two density functions are plotted in Figs. 6.1-1(a) and (b), respectively.

Observe that multiplicative factors are noted along the axes.

Case 2: R =1k, f = 15 MHz

Using the data from the fourth column of Fig. 5.1-1, the estimated mean,

variance, coefficient of skewness, and coefficient of kurtosis were calculated

to be
ﬁG = 1.03 x 10} Volts
6% = g, = 4.30 x 107> (Volts)”
(6.1-17)
aG3 = 1.224
G, = 4.279.

The selected candidates are listed below along with their coefficients of
skewness and kurtosis:

a) Log Normal (C = 1/4), ay = 0.778, a, = 4.096

3, a3 =1, a4

4y, u3 = 0.89, u4 = 4.2,

b) Gamma (a = 4.5

¢) Gamma (a

Application of the x2 test resulted in acceptance of both Gamma-distributions
but in rejection of the Log Normal., Inserting the sample mean and variance
from Eqs. (6.1-17), the analytical expressions for the density functions of

the Gamma distributions are given by:

Gamma (a = 3)

(1.444 x 10°) (g+.028)°> exp{-30.51 (g+.0281)} , g > - .028

fG(g) (6.1-18)
0 » g < - .028
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to £ _(g) at 4MHz.
7. ©

(a) Log Normal (c = 1/4),
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Gamma (a = 4)

Q.924 x 106)(g + 0.44)4 exp {-34.111(g+.044) 1} , g>-.044
fG(g) = (6.1-19)

0 » 8<—.G44
The two density functions are plotted in Figs. 6.1-2(a) and (b),

respectively.

6.2. Analysis of the Second-Order Nonlinear Transfer Function Data.

Demodulation of the AM interference was characterized by Hz(-fc,fc),

the second-order nonlinear transfer function relating the intefering signal

3

V3 was measured directly. However, V2 was measured using a 2:1 voltage divi-

at V2 to the demodulated 1 kHz tone at V,. In determining |H2(-fc,fc)|,

der. If the measurements for V2 and V3 are denoted by V2m and v3m’ respec-
tively, then
v, = 2V
2 2m (6.2-1)
Vg =V .
From Eq. (2.4-2)
A, = mA 2|0, (-f £ ). (6.2-2)
3 2 1720 Tete :

Therefore, the magnitude of the second-order nonlinear transfer function

v g W o &
g &
Xe o g ®r
k. B
. T y
e T

L
[
T

is given by

=3
o
s

¥
i
222

M, (£ ,E )| = —5 (6.2-3) T
mA2 >

=)
ll

»
.

¢l

Recall that A3 and A2 refer to peak values. Since the measurements were

recorded as rms voltages,

A, = 2/2 Vou

(6.2-4)

Ay = /:7.v3m

103 Ay
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‘:% In the experiment the modulation index was set at
‘:-. m= 0-50 (6'2-5)
'ii Consequently, Eq.(6.2-3) can be rewritten as
-".-1

2y ~ Vim (6.2-6)

|H2(—fc,fc)| = 5 = 0.35% 2.

.t (0.5)(2V2 v, ) 2m
:géi Eq. (6.2-6) was used to evaluate [Hz(-fc.fc)l.
.:i As explained in section 5.2, measurements were taken on both pA 741
.‘\'.:
}:3 and LM 741 operational amplifiers. |H2(—fc,f2| was found to be significantly
f"i smaller at 15 MHz for the LM 741 devices. As a result, it was not possible
iLd
{ji to light the LED at 15 mHZ when IM 741's were inserted into the first stage
.:5? of the PCB during the feasibility experiment. Because of this, only the data

involving the MA 741 operational amplifiers were analyzed. The data at

ol

4 MHz and 15 MHz are tabulated in Figs., 6.2-1 and 6.2-2, respectively, along

with the computed values of le(-fc,fc)I.

D A
.
»

11
LA v'..v"r{lf ]

The probability density function associated with |H2(—fc,fc)l was de-

)

;.ﬁ noted by f (h). The procedure used to obtain approximations to f (h) was
oy

j{i identical to that followed for fG(g). Let NH denote the number of operation-
S

O al amplifiers measured. Also, let ﬁH and ﬁHk denote estimates of the mean
fﬂ? and kth central moment of the random variable H. Finally, let &HB and &
Sﬁi denote estimates of the coefficients of skewness and kurtosis for fH(h)'
;;E If hk represents the measured second-order nonlinear transfer function of
‘Eff the kth operational amplifier, then expressions for evaluation of ﬁH, ﬁHZ’
el , . _
:ﬁk GH3’ ﬁHh’ &HB’ and &H4 are identical in form to those given by Eqs. (6.1-4)
T*ﬁ through (6.1-9).
;f;; As was the case for fG(g), the x2 statistic was evaluated using the

“l

A

o 105
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Device Number V2m (Volts) V3m(Volts) IHZ(-fc,fc)| (Volts 1)
1 .0203 0.2 171.6
2 .021 0.2 160.3
3 .0165 0.2 259.7
4 .0185 0.2 206.6
5 .019 0.2 195.9
6 .019 0.2 195.9
7 .0189 0.2 198.0
8 .0212 0.2 157.3
9 .0197 0.2 182.2

10 .0182 0.2 213.5
11 .0204 0.2 169.9
13 .021 0.2 160.3
14 .0222 0.2 143.,5
15 .021 0.2 160.3
16 .6222 0.2 143.5
19 .0209 0.2 161.9
41 .0127 0.2 438.4
42 .0135 0.2 388.0
43 .0109 0.2 595.1
44 .013 0.2 418.4
45 .0115 0.2 534.7
46 .0111 0.2 573.9
47 .0109 0.2 595.2
48 .0143 0.2 345.8
51 .0189 0.2 198.0
52 .0204 0.2 169.9
53 .0197 0.2 182.8
54 .0191 0.2 193.8
55 .0205 0.2 168.3
56 .0178 0.2 223.2
57 .0194 0.2 187.9
58 .0291 0.2 83.5
59 .017 0.2 244.7
60 .0223 0.2 142.2
o b
--' \.‘.'y‘.'i

13
.
18

P

.."
)
P

.f; Fig. 6.2-1. Measurements and Calculation of |H2(—fc,fc)[ at 4 MHz. i:ﬁ;%
.’. . [ . ..ﬂl
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e Device Number  V, (Volts) Vi (Volts)  |H,(-f £ ) (Voles™h)
1 .0302 0.2 77.5
2 .0358 0.2 55.2
3 .0238 0.2 124.8
4 .053 0.2 25.2
5 .026 0.2 104.6
6 .0294 0.2 81.8
7 .054 0.2 24.2
8 .0298 0.2 79.6
9 +0337 0.2 62.3
10 .0337 0.2 62.3
11 .0305 0.2 76.0
13 .0365 0.2 53.1
14 .028 0.2 90.2
15 .0332 0.2 64 .2
16 .0322 0.2 68.2
19 0413 0.2 41.5
41 .026 0.2 104.6
42 .034 0.2 61.2
43 .0217 0.2 150.2
44 024 0.2 122.8
45 .0219 0.2 147 .4
46 .023 0.2 133.7
47 .0238 0.2 124.8
48 .0278 0.2 91.5
51 .0265 0.2 100.7
52 .0212 0.2 157.3
53 0243 0.2 119.8
54 0224 0.2 140.9
55 .0232 0.2 131.4
56 .0285 0.2 87.1
57 .0278 0.2 91.5
58 .0263 0.2 102.2
59 .0275 0.2 93.5
60 032 0.2 69.1

P e
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a, 18
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Fig. 6.2-2. Measurements and calculation of IHZ(-fC,fC)|

at 15 MHz.
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: relation
5 A 2
X2 =N 2 Pk - 0.2) . (6.2-7)
H & 0.2

For the data of Figs. 6.2-1 and 6.2-2

NH = 34. (6.2-8)

N Once again, the numerical value obtained for the x2 statistic was compared

to a threshold value tabulated for asignificance level given by

B,= 0.01 (6.2-9)

Yt aaa

and the distribution under test. The cases for fc = (MHz and fc = 15 MHz

are discussed separately.

Case 1: fc = 4 MHz

Using the data from Fig. 6.2-1, the estimated mean, variance, coefficient

g of skewness, and coefficient of kurtosis were calculated to be

A

m, = 2.519 x 10% voles™

P

~ 2 _ . _ 4 -2 (6.2-10)
'i (GH) = CHZ = 2,048 x 10 Volts
J
r. =
: &HB 1.480
; &H4 = 3.703
. The selected candidates for approximating fH(h) are listed below along with
i their coefficients of skewness and kurtosis:
4
h* a) Gamma (a = 1), 0y = 1.41, o, = 6
B b) Gamma (a = 7), a3 = 0.71, o, = 3.75
w
3 c) Weibull (B= 2), o, = 0.63, 0, = 3.24

d) Log Normal (¢ = 1/4), a, = 0.778, a, = 4,096

P
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Application of the x2 test resulted in rejection of all four distributions.
However, the x2 test works best when the number of data points is much
greater than 30. Because NH = 34, it was decided to utilize the Kolmogorov -
Smirnov test which works well when the number of data points equals 30 or
less [16]. Ag before, the significance level of the test was set at %ﬁ 0.0L
The Kolmogorov-Smirnov test resulted in the acceptance of all four candidate
distributions. Inserting the sample mean and variance from Eqs.(6.2-10), the

analytical expressions for the approximations to fH(h) are given by:

Gamma (a = 1)

(97.65 x 107°) (h-49.5)exp {-(9.882 x 107 ) (h-49.5)}, h > 49.5

£,(h) =
0 » h < 49.5
(6.2-11)
Gamma (a = 7)
' -18 7 -2

(4.618 x 10 ") (h+152.9) "exp {-(1.976 x 10 ) (h+152.9)}, h> -152.9

£, () =
0 » h<-152.9
(6.2-12)

Weibull (B = 2)

(4.55 x 107%) (h-193. 1)exp {~(2.275 x 107%) (h-193.1)%}, h > 193.1

‘ fH(h) =

D 0 » h < 193.1
__.: "

Yo (6.2-13)
K' -

I I
P




Log Normal (C = 1/4)

1.596 (h-241.7)"" exp {-8(2n((.102) (h-241.7))1%}, h > 241.7

fu(h) =
0 s h < 41.7.
3
ﬁé;: The four density functions are plotted in Figs. 6.2-3(a), (b),(c),
o
i and (d), respectively.

Case 2: f. = 15 MHz

Using the data from Fig. 6.2-2, the estimated mean, variance, coeffi-

cient of skewness, and coefficient of kurtosis were calculated to be

QH = 9.177 x 10 Volts ©

(c;ﬂ)2 = ﬂuz = 1.230 x 10° Volts 2 (6.2-15)
&u3 = 0.048
&HA = 2.217.

The selected candidates are listed below along with their coefficients of

skewness and kurtosis:

2o A

a) Uniform, ag = 0, aa = 1.8

Ay 4y e

b) Triangular, ay = 0, o, = 2.4

[
Y

«

¢) Weibull (B = 3), a, = 0.16, a, = 2,73,

4

O
UL

Application of the x2 test resulted in acceptance of all three distribu-
tions. Inserting the sample mean and variance from Eqs.(6.2-15), the analy-

tical expressions for the three distributions are given by:
110
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Fig. 6.2-3. Approximations to fH(h) at 4 MHz. (a) Gamma (a = 1),

(b) Gamma (a = 7), (c) Weibull (B = 2), (d) Log Normal (c =1/4)
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-

Sty

Uniform

8.2 x 107>, 31.0<h <152.5

£ () =

0 ., elsewhere (6.2-16)

Triangular
(1.36 x 10°%) (h - 5.86) , 5.86 < h <91.8

fH(h) =9 (l.36 x 10_4)(177.7 -h) , 91.8 < h<177.7
0 » elsewhere (6.2-17)
Weibull (B = 3)
-3 2, -4 3 '
(2.039 x 10 ") (h-81.6)" exp{-(6.8x10 ) (h~81.6)"}, h>81.6
(h) =
£y )
0 h<81l.6
(6.2-18)

The three density functions are plotted in Figs. 6.2-4(a), (b), and (c),

repectively.

6.3 Analysis of Data Related to Lighting the LED

The LED was observed to light when the peak voltage of the lkHz tone at
V3 was approximately equal to 1.5V. With fC = 4MHz, it was always possible to
light the LED. For convenience, the value of the threshold at V3 was set at

Ayp = ¥2 = 1.414 Volts. (4 MHz) (6.3-1)

The rms reading at V, was then equal to one volt which was a convenient

3
level at which to set the threshold.
At 15 MHz, however, it was not always possible to light the LED. In

order to maximize the number of available data points, the value of the
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threshold at V3 was set at

Ayp = 0.2 V2 = 0.283 Volts. (15 MHz) (6.3-2)

The rms reading at V3 was then equal to 0.2 Volt which waa also a convenient
level at which to set the threshold.
The amplitude of the carrier at V1 which produced the threshold voltage

at V3 was denoted by the random variable, A The data obtained at 4 MHz

1T*
and 15 MHz are tabulated in ascending order in Figs. 6.3-1 and 6.3-2, res-
pectively. The experiment involving lighting of the LED was carried out at
the University of Kentucky while the experiment involving measurement of

the second-order nonlinear transfer function was performed at SUNY, Buffalo.
The printed circuit boards at both locations were designed to be "identical."
To verify whether this was the case, several measurements were repeated at
SUNY, Buffalo using several of the operational amplifiers employed at the
University of Kentucky. At 4MHz, the readings at SUNY, Buffalo were approxi-
mately a factor of 1.46 smaller than those at Kentucky. At 15 MHz, the
readings at SUNY, Buffalo were approximately a factor of 1.2 smaller than

those at Kentucky. Because the second-order nonlinear transfer functions

were measured at SUNY, Buffalo, it was decided to reduce the data in

Fig. 6.3-1 by a factor of 1.46 and the data in Fig. 6.3-2 by a factor of 1.2.

v
A

- The probability density function associated with A,  was denoted by

N 1T
%
[ o f, (a,..). The procedure used to obtain approximations to f (a,,,) was
" Aqr IT AIT 1T
L'." identical to that followed for fG(g) and fH(h). As before, the X2 statis-
b5
b;' tic was evaluated using the relation.
;:
. . R 2
t;, 9 5 (pk - 0.2)
o X~ =N —_— (6.3-3)
- - A 0.2
i ] IT k=1
E' 114
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AlT (Volts, peak)

Corrected Data

AIT/I .46

A3T (Volts, rms)

1.35
1.48
1.50
1.61
1.73
1.82
1.94
2.11
2.16
2.22
2.31
2.32
2.32
2.42
2.56
2.60
2.80
3.22
3.28
3.42
3.76
3.78
3.89
4.19
4.53
5.52

*s

s

5ill;1

V]

>

[y

Fig. 6.3-1. Measurement of A
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1T

0.92
1.01
1.03
1.10
1.18
1.25
1.33
1.45
1.48
1.52
1.58
1.59
1.59
1.66
1.75
1.78
1.92
2,21
2.25
2.34
2.58
2.59
2.66
2.87
3.10
3.78

at 4VMHz
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Corrected Data

A,y (Volts, peak) A /1.2 Ay (Volts, Tms)

0.24 “0.20 0.2
0.40 0.33 0.2
0.59 0.49 0.2
0.60 0.5 0.2
0.64 0.53 0.2
0.64 0.53 0.2
0.69 0.58 0.2
0.74 0.62 0.2
0.92 0.77 0.2
0.93 0.78 0.2
1.17 0.98 0.2
1.23 1.03 0.2
1.40 1.17 0.2
1.50 1.25 0.2
1.58 1.32 0.2
1.68 1.40 0.2
1.75 1.46 0.2
1.90 1.58 0.2
2.16 1.80 0.2
2,18 1,82 0.2
2.62 2,18 0.2
2.63 2,19 0.2
3.08 2.57 0.2
3.20 2.67 0.2
4,10 3.42 0.2
6.07 5.06 0.2

;if Fig. 6.3-2. Measurements of A, at 15 MHz.
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where NA denotes the number of measurements for AIT' For the data of
1T

Fig. 6.3-1 and 6.3-2

N = 26. (6.3-4)
Ap

Once again, the numerical value obtained for the )(2 statistic was compared

to a threshold value tabulated for a significant level given by

B°= 0.01 (6.3-5)

and the distribution under test. The cases for fc = 4MHz and fc = 15 MHz

are discussed separately.

Case 1: fc = 4 MHz

Using the data from Fig. 6.3-1 divided by the factor of 1.46, the esti-
mated mean, variance, coefficient of skewness, and coefficient of kurtosis

were calculated to be

fi, = 1.866 Volts

A
2 2
(OA) = ﬁAZ = 0.524 (Volts)
(6.3-6) e
8,. = 0.899 e,
A3 * :‘:\..
)“n“'
b
= s
&A[‘ 3.089. ?;'u '
The selected candidates for approximating fA (alT) are listed below .:\'-':
1T e
along with their coefficients of skewness and kurtosis: .,-;E‘
":h_\
a) Log Normal (c = 1/4), ay = 0.778, a, = 4.096 :
b) Weibull (8 = 2), ay = 0.63, a, = 3.24 N
4 \_:3:
¢) Camma (a = 4), a = 0.89, a, = 4.2. v
\_:.._\
RS
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Application of the)(2 test resulted in acceptance of all three

distributions. Inserting the sample mean and variance from Eqs.(6.3-6),
the analytical expressions for the three distributions are given by:

Log Normal (C = 1/4)

1.59 (a ;. + 3.5) lexp {-8[%n ((.192) (aj, + 3.5)1%1, a,p>-3.5

f (a,.) =
Ajp 1T
o Iy alT<‘3 l5
(6.3-7)
Weibull (B = 2)
2
17.78 (a;;-1.6)exp{-8.889 (a ,-1.6) } , ay > 1.6
£, (ap) = (6.3-8)
App 1T
0 > 8yp <l.6

Gamma (a = 4)

X 4
11.71 (a;, = .25) exp{-3.088 (a,, - .25)}, a;, > .25

1T 1T

<
0 . a1T .25
The three density functions are plotted in Figs. 6.3-3 (a), (b), and

(c), respectively.

Case 2: f_ =15 MHz

.

Using the data from Fig. 6.3-2 divided by the factor of 1.2, the

estimated mean, variance, coefficient of skewness, and coefficient of

kurtosis were calculated to be
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Fig. 6.3-3. Approximations to fA (alT) at 4 MHz (corrected data)
1T
(a) Log Normal (¢ = 1/4), (b) Weibull (B = 2),

(c) Gamma (a = 4).
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ﬁA = 1.432 Volts

2 2
(6A) ﬁAZ 1.21 (Volts) (6.3-10)
&A3 = 1.681
Gy = 5.931

The selected candidates for approximating f (alT) are listed below along

1T
with their coefficients of skewness and kurtosis:

A

a) Log Normal (c 1/2), a = 1.75, o, = 8.898

4

b) Weibull (B = 1), ay = 2, a, = 9

c) Gamma (a=1), a3 = 1.41, a, = 6.

Application of the x2 test resulted in acceptance of all three distributions
Inserting the sample mean and variance from Eqs. (6.3-10), the analytical

exprressions for the three distributions are given by:

Log Normal (¢ = 1/2)

:798 (a1T+ 1.1)-1exp{—2[ln((.549)(a1T+1.1))]2}, a 2 -1.1

) = (6.3-11)
ip 1T

< -
0 . alT 1.1

Weibull (B = 1)

.909 exp{-(.909)(a1T - .33)} , a > .33

, 1T (6.3-12)
& £
" AT
::: 0 , alT. < .33
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Gamma (a = 1)

1.15(alT + .12) exp{- (1.071)(alT +.12)} , e 2~ 12

) = ' (6.3-13)

,31T< - .12

The three density functions are plotted in Figs. 6.3-4 (a), (b),
and (c¢), respectively.

Figs. 6.3-3 and 6.3-4 illustrate approximations to fA (alT) which were

1T
obtained directly from the experimental data. Eq.(2.4-11) was also used to

predict the form of f (a
lT 1T

fH(h). The cases for fC 4MHz and fc = 15 MHz are discussed separately.

) based upon approximations to fG(g) and

Case 1: fc = 4 MHz

At 4 MHz two approximations were obtained for fc(g) while four approxi-

mations were found for fH(h). The eight possible combinations are listed

below:
Combination fG(g) fH(h)
1 Log Normal (¢ = 1/4) Gamma ( a = 1)
2 Log Normal (c = 1/4) Gamma (a = 7)
3 Log Normal (¢ = 1/4) Weibull (B = 2)
4 Log Normal (c = 1/4) Log Normal (c = 1/4)
5 Gamma (a = 7) Gamma (a = 1)
6 Gamma (a = 7) Gamma (a = 7) 1
-~ 7 GCamma (a = 7) Weibull (8 = 2) o
.. R T
}2 8 Gamma (a = 7) Log Normal (c = 1/4) :::i:‘
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aﬁ Each of these combinations was used in Eq. (2.4-11) to predict approxima-
5 tions to fA (alT). The integral was evaluated numerically and the results
A \:;\ 1 T

o are plotted in Figs. 6.3-5 and 6.3-6., The sharp peaks resulted because the
b - ~\

‘iﬁ step size used in the integration was chosen to be too large.

2
oA A X test was then applied to each of the eight approximations for

£

fA (alT) to determine whether the corrected data from Fig. 6.3-1 and the
1T

approximations in Figs. 6.3-5 and 6.3-6 were statistically consistent. In

e
, 4

e every case the alT - axis was subdivided into 5 cells such that the area
AN under the approximation for each cell was approximately equal to 0.2,

N Let the area for the k™2 cell be denoted by p,- Also, let n, denote
bt

s: the number of corrected data which fell into the IQE}-l cell. Since there are

f;j 26 data points, the relative frequency of occurrence for the lcg—1 cell was

T defined to be

*

- "k
j:- ‘3% =356 k=1, 2, ..., 5. (6.3-14)
o 2
1. The X statistic was then evaluated using the relation
) 2
: 5 (B}, - p)
o x> =26 § KK (6.3-15)
+Ou k=1 k
}:} As was done earlier, the numerical value obtained for the x2 statistic was
;ai‘ compared to a threshold value tabulated for a significance level given by
.Ix
Pl B = 0.01.
-".-l o
W i Application of the x2 test resulted in all eight approximations being
L 2
B accepted.
F
v
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e Case 2: f = 15 MHz AN
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‘};f At 15 MHz twc approximations were obtained for fG(g) while three ?i‘
~ rot
" approximations were found for fH(h)' The six possible combinations are .
ey listed below: .
:;g Combination fG(g) fH(h)
:%1: 1 Gamma (a = 3) Uniform
_ 2 Gamma (a = 3) Triangular
jii‘ 3 Gamma (a = 3) Weibull (B = 3)
iii 4 Gamma (a = 4) Uniform
g!; 5 Gamma (a = 4) Triangular
::;, 6 Gamma (a = 4) Weibull (B = 3)
Tifj Each of these combinations was used in Eq. (2.4-11) to predict approximations
— to fA (alT). The integral was evaluated numerically and the results are
- 1T
e plotted in Figs. 6.3-7 and 6.3-8. As before, sharp peaks resulted because
:ﬁ the step size chosen for the integration was too large.
:? A X2 test was then applied to each of the six approximations for fA
n
. 1T
. s
.:j (alT) to determine whether the corrected data from Fig. 6.3-2 and the
e
$¢C approximations in Figs. 6.3-7 and 6.3-8 were statistically consistent,
2,
i‘% The alT—axis was again subdivided into 5 cells for every case such that
:}i the area under the approximation for each cell was approximately equal
3
AN to 0.2. The XZ statistic was evaluated using Eq.(6.3-15).
f!f For a significance level given by B, = 0.01, the X2 test resulted

in all six approximations being accepted.
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' VII. Conclusions

La ¢
s The LED experiment served to demonstrate the following results: =
“a . :&':-'.'
- 1) Crosstalk in random cable bundles can lead to serious degradation e
il Ay
b of system performance. :ibﬁ:

. 2) Weak nonlinearities which exist in the amplification region of

Y
.:: operational amplifiers are capable of generating significant in-band inter-
;f: ference by demodulating out-of-band amplitude modulated signals.

- 3) The linear transfer function which characterizes crosstalk in

- -l F‘. .

5 random cable bundles, the second-order nonlinear transfer function which 55
. o
- characterizes the weak nonlinearities in the amplification region of opera- N

oag jr E
;. tional amplifiers, and the susceptibility level of the three-stage amplifier .
‘:i all display random behavior.

f} 4) Well-known probability density functions can be used to approximate
. the crosstalk linear transfer function, the second-order nonlinear transfer x,;
_:‘ .L T
-, LR
% function of operational amplifiers, and the susceptibility level of the ﬁ?}\f
AN
- three-stage amplifier. N

) 5) Given probability density functions for the crosstalk linear trans-

fer function and the second-order nonlinear transfer function of operational

- amplifiers, it is possible to predict the probability density function for the
P susceptibility level of the three-stage amplifier.

V'.‘.‘
.j& 6) The predicted probability density function for the susceptibility
o
& level of the three-stage amplifier can be approximated by well-known proba-

bility density functions that are statistically consistentwith experimental

,_? data. Although not included in this report, these approximations are useful

for determining the probability of EMI and/or compatibility.
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